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SUMMARY

Clean Green energy is being desired all over the globe. It gives cleaner world and healthier
environment to live. Most of the green energy resources such as tidal and wave are freely
available in large amount and also sustainable. On the other hand, the energy demand is
increasing along with population growth. Therefore, researchers are developing the
technology of energy converter from these resources to support human activities, business
and leisure. Indonesia an archipelago country with plenty of narrow strait and surrounded

by two oceans makes this tidal energy extraction looks promising.

A pioneer study in Bali Strait as the reference site is selected among other prospective sites.
Bali strait has relatively shallow water depth, high current density and high energy demand
to support Bali Island and its tourism board. As the equipment of tidal energy converter is
placed in severe condition for relatively long period, hence it has to be strength resistance
and fatigue resistance. Fatigue failure will cause integrity failure which mostly occurs in the
joint connections and at the base of support structure. Therefore, Fatigue design plays an
important role in the development of tidal energy converter. Fatigue analysis on MCT
support structure is based on experience and engineering judgement. Two established
industries, oil and gas exploration and offshore wind turbine, are tailored into marine
current turbine development. In addition, a range of representative cases is selected in this

dissertation.

To conclude, the fatigue service life for MCT support structure located in Bali strait has fulfil
the minimum required of 80 years (20 years service life with factor of safety 4.0) with
various alternatives. Contrary to the offshore wind turbine (OWT) with natural period at
soft-soft range, the recommended natural period range for MCT is placed at soft-stiff range.
This because of the MCT support structure requires stiffer and more compact structure as
they are exposed to more severe loading compare to OWT. However, another analysis
should be conducted such as strength resistance and accidental limit stress in order to have
a complete design. On the other hand, Environment Impact Assessment should be prepared
as well. In addition, this study might be the first study of fatigue assessment in MCT support
structure and should be considered as an opening to a further renewable energy

development.

SUMMARY
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GLOSSARY OF TERMS

API X Prime

Bali Strait

APl S-N curve’s without considering profile controlling between as-

welded and adjoining base metal.

Strait which separate Java Island with Bali Island, located in Indonesian

archipelago.

Hot Spot Stress Transfer Functions

Hot Spot Stress

Seastate

Tidal Energy

The hot spot stress amplitude per unit wave amplitude over a range of

wave frequencies at each wave direction.

The range of maximum prindpal stress adjacent to the potential crack

location with stress concentrations being taken into account.

General condition of free surface on a large body of water (with respect

to wind waves and swell) at a certain location and time. It characterized

by statistics of wave height, period, and power spectrum.

Form of hydropower that converts the energy of tides into electricity or

other useful forms of power.
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1 INTRODUCTION

1.1 Introduction

Clean Green energy is now being desired in all over the globe. It gives deaner world and
healthier environment to live with. Most of the green energy resources such as tidal and
wave are freely available in large amount and also sustainable. On the other hand, the need
of energy increases along with population growth. Therefore, scientists are developing the
technology of energy converter from these resources to support human activities, business

and leisure.

In the UK particularly, Marine Current Turbine (MCT) is now being developed in advance to
support inland energy demand. The well known technology from oil and gas exploration and
wind engineering are being the basic terminology in MCT development. Both technologies

influence the design of MCT main components which are support structure and turbine.

As the MCT is exposed by severe and dynamic environment condition for a long-term period,
strength resistance and fatigue resistance are indeed required. The dynamics of MCT makes
it more liable to fatigue failure than strength failure. In spedific, the endurance of MCT

support structure due to fatigue failure will be the main consideration in this dissertation.

1.2 Problem Background
The marine current turbine support structure should be safe in the fatigue point of view and
economically profitable. Precise information on environment condition and structure

response is essential to gain both requirements.

Computer program is used to translate the environmental information into loadings on the
support structure and the turbine. This enable engineers to model, simulate and analyse the
dynamic behaviour of MCT efficiently and effectively. Even though no specialized software
developed yet on MCT, approximation from offshore oil and gas based programs could be
used with several parameters adjustment. Such programs however, need experienced users

and extensive inputs.

On the design, loadings on support structure and turbine need to be combined since the
approach techniques for both components are slightly different. The combination will be
made in frequency domain with linear approximation. This method is more attractive
compare to time series domain due to time effectiveness without losing the important

parameters.

1-1
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Indonesia an archipelago country with plenty of narrow strait and surrounded by two oceans
makes this tidal energy extraction looks promising. A pioneer study in Bali Strait as the
reference site is selected among other prospective sites. Bali strait has relatively shallow

water depth, high current density and high energy demand to support Bali Island and its

tourism board.

1.3 Aims and Objectives
The aim of this dissertation is to find the appropriate support structure for marine current
turbine energy converter in a range of different environment conditions that is safe in

fatigue design point of view and economically profitable.

The appropriate support structure could be achieved by milestones of objectives in the
followings:
1. Finding a method to derive fatigue life of MCT support structure due to assodate
fatigue loadings.
2. Compare the support structures at design condition which give more advantage.

3. Produce astructured general guidance for fatigue design of MCT support structure.

1.4 Structure of the Report
This report is structured into four parts at seven chapters. It started with introduction to the
thesis which contains the problem background, aims and objectives, structure of the report

and the software used.

Chapter 2 provides the basic of offshore, hydro and turbine description. It covers the general
terminology of the MCT, stochastic process of the environment condition, hydrodynamics,
MCT description, the dynamics of MCT, foundation description and limit state design.
Fatigue design terminology at the following chapter describes the principles of fatigue
analysis, spectral fatigue analysis, stress concentration factors and fatigue endurance of the

support structures. Both chapters are part of the literature review in the body of this thesis.

The general design methodology for MCT and computer modelling are illustrated in chapter

4. It adapted from fatigue design for an offshore jacketin the oil and gasindustry.

Chapter 5 gives an overview of the analysis result for all support structure types. Overview
on optimization of the support structure will be outlined in chapter 6 which consists financial

analysis, support structure selection, cathodic protection, weld improvement and inspection

1-2



Study of Fatigue Design On MCT Support Structure, Bali-Indonesia | 2011

strategy. Chapter 7 summarizes the conclusions and gives a recommendation on the further

development of marine current turbine design practice.

1.5 Software Used
The following computer programs were used in this thesis:
- SACS, offshore structural design package, Engineering Dynamic, Inc.

— EXCEL, spreadsheet program, Microsoft Inc.

1-3
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2 BASIC OF OFFSHORE, HYDRO AND TURBINE ENGINERING

2.1 Introduction
The basic of offshore, hydro and turbine engineering delivers parts of knowledge from each

engineering subject to be tailored in one concept of Marine Current Turbine (MCT).

Section 2.2 describes the general MCT terminology. The basic stochastic process on wave is
reviewed in section 2.3 followed by hydrodynamics description and calculation method in
section 2.4. Section 2.5 gives an overview of the turbine and load calculation method. The
dynamics of MCT and its foundation are out-lined in section 2.6 and 2.7 respectively. Finally,

the limit state design is described in section 2.8.

2.2 General Terminology of MCT

The terminology for this thesisis shown in Figure 2-1, Figure 2-2 and Figure 2-3.

LAT

Scour Protection Scour Hole

Foundation
Pile

Pile Penetration

Figure 2-1 : Overview of Marine Current Turbine Terminol ogy

2-1
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Gravitv Base Monopile Tripod

Figure 2-2 : Overview of Marine Current Turbine Support Structure

Wave Elevation ) Wave Period !

z[m]: z(t) ; o) J
/\(‘\S /—\ t[§]

Wave Amplitude
(4)

Mean Water Depth
(@)

Figure 2-3 : Overview of Regular Wave

2.3 Stochastic Process

Stochastic or random process is a time-varying event that cannot be predicted or
reproduced in detail. Environment loads are varies, stochastic in time and generally
described as fluctuating time series loads. This type of data is hardly distinguished the
characteristic of responses. Therefore, to make it more accessible, the time series data is
translated into frequency domain through Fourier formulation. The result, spectrum of

different characteristic responses can be seen easily.

2.3.1 Fourier Transform

Fourier transform is used to translate an event in time series into frequency domain. It
assumed that a random signal can be represented by a sum of regular sinusoidal wave at
spedfic amplitude, frequency and phase angle as shown in Figure 2-4. The single and sum of

regular waves are represented by equation (2-1) and (2-2) respectively.

z(t) = A sini2nf - t + @)
(2-1)

N
Z 2(t) = Z A, SRt t + @)
n=1

(2-2)

2-2
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Where z(t) = elevation of wave attimet [m]
A = wave amplitude [m]
f = wave frequency [Hz]
@ = wave phase angle [rad]
t = time [s]
n = counterl,2, .. N [-]
z(t)[m]

Wavel, A=1,=0.9, ¢p=0.2

:/—\ /‘\ /\ t[s]

05 T 5 S s s

Wave2, A=0.75, f=2.0, p=0.5

t[s]
o L\ N\ /L O\ N\ /7 N\ /L O\ /
0 0.5 1 1.5 2 25 3

Wave3, A=0.5f=1.8, ¢=0.1

t[s]

0.5 1 15 2 25 3

SumWave = Wavel+ Wave2 + Wave3

/\_,.\ t[s]
N\

s \/ s N \ U

Figure 2-4 : Three Regular Wave Summed into One Irregular Wave

By reversing the sequence and assuming that the sum of wave orirregular wave is available,

Fourier transform

could be used to break it into several single regular waves as shown in

equation (2-3) and (2-4).

N
z(t) =Ay+ Z{An cos(2mf,.t) + B, sin(2m f,,.t)}
n=1

(2-3)
T T
2 2 )
A, = T z(t) cos(2nf,.t)dt and B, = T z(t) sin(2rf,. t) dt
0 0
(2-4)
Where Ap = mean amplitude of the wave (4¢=0 for seawave) [m]
A, and B,, = Fourier coefficients [m]

23 |
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fn = wave frequency of n" Fourier component [Hz]
T = duration of measurement (T =N At) [s]
At = time step [s]
n = counterl, 2, ..,N (-]
N = total number of time steps [-]

Fourier transform of the wave amplitude as a function of frequency is shown in Figure 2-5
which is derived from the irregular wave in Figure 2-4. All the values are zero except at the
frequencies of 0.9, 1.8 and 2.0 that have 1, 0.5 and 0.75 amplitude respectively. For phase
angle, at the intermediate frequencies, a random scatter of angle applies while others are

exactly the same as input value.

1.2

-

o
o

N
'S

Amplitude [m]
o
()]

o
)

0 T T T

1 15 2 25
frequncy [Hz]

Figure 2-5 : Amplitude versus Frequency as Result from Fourier Transform

If all information from the Fourier transform is available, a new sum of harmonic waves can

be created at the exact configuration as before.

2.3.2 FastFourier Transform (FFT)

The Fast Fourier Transform (FFT) is another way to translate the times series wave signal
into frequency domain and is commonly used compare to Fourier transform. The FFT plots
power spectral density over frequency which is more useful for engineers. This spectrum will

be discussedin depth at section 2.4.2.

Power spectral density or spectrum can be reversed to a time series wave by assuming that
the phase angle is distributed randomly. This is called Inverse Fast Fourier Transform (IFFT).
However, this method could not create the exact copy of time series wave that spectrum
was created. In addition, this spectrum has wider range possibility of time series waves.

Weisstein (2011) has compiled a complete FFT formulation.
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2.4 Hydrodynamics

The motion of the water or hydrodynamics is caused by velocity and acceleration of the
water partides. These components are normally seen as current and wave in the ocean and
acting as loads to the MCT. As the MCT is exposed to both aspects, therefore it will be

discussed in this section.

24.1 CurrentDescription

Currents are driven by tides, ocean circulation, river flow, temperature different, salinity and
storm surge. The velocity produced by these sources are varies in space and time. The length
and timescale of the variation in current velocity are much larger compare to the associate
loadings in the design of MCT, therefore, it is assumed that the surface current velocity and

direction to be constant in the design calculations.

The current model for MCT design is defined by a simple current profile over depth with the

power law profile (Ainsworth, 2006) expressedin equation (2-5).

1
U (2) = Uso (ZdeY (—-d <z<0)
(2-5)
Where U.(z) = currentvelocity atelevation z [m/s]
U.o = currentvelocity at sea surface (z =0) [m/s]
z = vertical coordinate, positive upward from MSL [m]
d = mean waterdepth [m]

2.4.2 Wave Description

The wave climate at specific location is described as statistical parameters of random
process that remain constant (stationary) for every 3 hours. This characteristic is called

seastate and can be plotted as power density spectra or spectrum in short through FFT.

Two commonly used spectrums are:
e Pierson-Moskowitz (PM) wave spectrum, for fully developed seas

e JONSWAP wave spectrum, for fetch limited wind generated seas

Figure 2-6 shows the PM and JONSWAP wave spectra. Both spectra are derived from

significant wave height (H,) and mean zero-crossing wave period (T}).
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Figure 2-6 : JONSWAP and Pierson-Moskowitz Wave Spectra

Pierson-Moskowitz spectrum can be expressed by equation (2-6):

A B
Spu(w) = 5 EXP {_F}

A3 H? 16m3
A= 2 and B = T2
(2-6)
Where Spy(w)= Pierson-Moskowitz variance density spectrum [m?s]
w = angularfrequency [rad/s]
H, = significant wave height [m]
T, = mean zero wave-crossing period [s]

JONSWAP spectrum is based on measurement from the North Sea at Joint North Sea Wave
Project (JONSWAP) in 1968 and 1969. It has the shape of PM spectrum with enhancement

modification at the peak.

JONSWAP spectrum can be expressed by equation (2-7):

Sis(w) =nf - %exp {_%} _ {yexp {_%(%) }}

4 \1
on=(55)
(2-7)

Where S;s(w) = JONSWAP variance density spectrum [m?s]

nf = normalizing factor ONSWAP and PM spectrum [-]

y = peakshape parameter( =3.3) [-]

w, = modal angular frequency [rad/s]

o = numerical parameter [-]

o, = 0.07(c =0, for w<w,,) [-]

o, = 0.09 (0 =0, for w=w,,) [-]
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The average value fory, o, and g,were taken from measurement of the Joint North Sea
Wave Project. The offshore group at the Delft University of Technology (Tempel, 2006)
found a normalizing factor of:

nf = 0.625(for y=3.3) [-]

With the parameters given above, the JONSWAP spectrum can be expressed by Hg and T, at

equation (2-8).

HS2 161‘[3 exp _1(w—_wn)2
S]S(a)): 2.57‘[3.Tz4w5 exp{_w}{33 { 2\ swn }

1

3\*
Wy = 12.8-F
Z

(2-8)

With the appropriate spectrum, IFFT can be performed to create regular sinusoid waves.
These harmonic waves are translated into velocity and acceleration for load calculation
through linear wave theory of Airy (Barltrop, 1991). The horizontal water particle kinematics

is expressed by equation (2-9).

_coshk(z+ d)

u,(zt) =0, w Sohkd cosifwt + )
1, (z,t) = {4 " w? % sinfwt + @)
(2-9)

Where u,,(z,t) = wave horizontal water partide velocity [m/s]

u,, (z,t) = wave horizontal water partide acceleration [m/s’]

{a = wave amplitude ({,=H) [m]

k = wave number(k=27/A) [rad/m]

z = vertical coordinate, positive upward from MSL [m]

d = mean waterdepth [m]

A = wave length (A = % thanh%) [m]

g = acceleration of gravity [m/s’]

H = wave height [m]

2.4.3 Hydrodynamic Loads on Pile
As mentioned earlier, velocities and accelerations of water partides cause hydrodynamic

loads in the structure. For slender piles, the loading are described by Morison equation as
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expressed by equation (2-10). It named after J.R Morison who derived the formulation in

1950. Morison formulae cover the total hydrodynamic loads from drag and inertia.

Qhydro = fit+ fa

T 9 . 1
=prCMD “u+ EpWCDD-Iqu

(2-10)
Where qpyqro = hydrodynamicload per unit length [N/m]
fi = hydrodynamicinertia load per unit length [N/m]
fa = hydrodynamic dragload per unit length [N/m]
Cy = inertia coeffident [-]
Cp = drag coefficient [-]
D = diameter of pile [m]
py = massdensity of water [kg/m?]
1 = horizontal water particle acceleration [m/s’]
u = horizontal water particle velocity [m/s]

The Morison equation is based on experiments, therefore the inertia and drag coeffidcent
are found in many variety. For tubular members, the following drag and inertia wave force

coeffidents should be used as per API (2005):
Cp=0.8 for rough members Cp=0.5for smooth members Cp=2.0

The horizontal partide velocity for loading calculation depends on current, wave and the
motion of the structure. Therefore equation (2-11) accounts the relative aspects of the

velocity acting on structure.

u,(z,t) = U.(2) +u, (z,t) —us(zt)

(2-11)
Where u,(z,t)= relative velocity of water to structure [m/s]
U.(z) = currentvelocity [m/s]
u,, (z,t) = wave horizontal water partide velocity [m/s]
us(z,t) = structure horizontal velodity [m/s]

The equation (2-10) can be rewritten due to the total motion in the structure at (2-12).

s s . T 0 . 1
Qnydro = ZPWCMD Uy — pr (Cy — 1D -us+ Epw CpD - |uy, |u,

(2-12)
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244 Hydrodynamic Loads on Turbine

The hydrodynamic loads on turbine are defined by three theories; momentum, blade

element and blade element momentum theory. Each theory will be discussed in depth at the

following sections.

2.4.4.1 Momentum Theory

The momentum theory is taken from basic conservation law of fluid mechanics to the rotor

and water flow as a whole to estimate the rotor performance. In this case, one dimensional

momentum theory is considered to determine the axial force of water flow on turbine (D)

As the water flows to the rotor, the velocity decreases. The modelling of water flow through

an infinitely thin permeable rotor which is called actuator disk can be seen in Figure 2-7.

Far ahead

_...UO

S ;:IFI-II-J.I
Stream tube

Rotor Far wake

Uo UO

Actuator disk |

Figure 2-7 : Actuator Disk Model

Within the boundary layer, an induction factor (a) is introduced to measure the actual

velocity at the rotor as expressed by equation (2-13). Laws of conservation of mass and

Bernoulli enable the stream velocity in the far wake to be derived (Bahaj & Myers, 2003).

Ug=Up-(1—-a)andUr =Up- (1 - 2a)

Uy —Uy
a= Uy
Where Uy
Ug
U
a

(2-13)

undisturbed stream velocity [m/s]
stream velocity at the actuator disk [m/s]
stream velocity at far wake [m/s]
induction factor [-]

2-9




Study of Fatigue Design On MCT Support Structure, Bali-Indonesia | 2011

The stream tube enclosing the flow through the actuator disk has a constant mass flow rate
at all cross sections from far ahead to far awake. The mass flow at the actuator disk is driven
by the static pressure as seen in Figure 2-8. The acting load on disk can be derived from the

pressure difference in the rotor and can be expressed by equation (2-14).

A
Ulm/s]
Velocity
Uy
Uy
Ur
pin/m?
Static pressure
p+
Po
-
»  x[m]
Far ahead Rotor Far wake
Figure 2-8 : Velocity and Static Pressure along the Stream Line
Doy =Ag - (p+ - p_)
(2-14)
Where D,, = axialforce [N]
Ay = surface area of the actuator disk (44 = mR?) [m?]
pt = pressure on the upstream side of the actuator [N/m?]
p- = pressure on the downstream side of the actuator  [N/m?]
= radius of rotor [m]

According to Bernoulli’s law, the total pressure stays constant along the stream line if there

is no power loss present. Thus, the equation (2-15) can be derived tofind the axial force.

1 1
Do + > Pw UO2 =pt+ > DOw U,f for the leftside of the actuator disk

1 1
p~+ > Pw Uf =p, + > Ow Uf2 for the rightside of the actuator disk

(2-15)

Where Do undisturbed atmospheric pressure [N/m?]

Du mass density of water [kg/m?]
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The axial force can be extracted by substituting equation (2-14) and (2-15) as shown in

equation (2-16).

Doy = Ayg -%-pW-UOz-éla(l—a)

(2-16)
The axial force can also be expressed into dimensionless axial force coefficient by equation
(2-17).

1
Do Ad3 Pw-UE-4a(1-a)

Cpax = R Ad'%'PW'UOZ =4a(l-a)
(2-17)
Where Cp,e = axial force coefficient [-]
F, = undisturbed current force [N]

Equation (2-17) describes the relationship between undisturbed current force, axial
coeffident and the induction factor. However, the induction factor remains unknown. The
blade element theory on section 2.4.4.2 provides the alternative to find the axial force

coeffident which involves the induction factor.

2.4.4.2 Blade Element Theory
The blade element theory assumed that the blade is divided into small elements with
constant cross sections as shown in Figure 2-9. From the cross section, two-dimensional
analysisis made with assumptions:

e No hydrodynamicinteraction between elements

e The lift and drag forces are the only load acting on the hydrofoil

f@

Figure 2-9 : Elements of a Blade

The lift and drag forces are caused by stream velocity at the rotor and the rotor tangential

velocity as expressed in equation (2-18) and illustrated by Figure 2-10.
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Ud=U0-(1—a)

U =Q-r
(2-18)
Where Uy = stream velocity at the rotor plane [m/s]
U; = rotortangential velodty [m/s]
Uy = undisturbed stream velocity [m/s]
a = induction factor [-]
Q = rotor angular velocity [rad/s]
T = radial position of the element [m]
Rotor plane

Chord plane
. Rotor plane

Current velocity
direction

Rotor tangential

velocity direction;

X .
—_—— Chord plane

Figure 2-10 : Velocity and Load on Blade Element

Figure 2-10 shows the velocity vector acting on hydrofoil cross section which causes the lift

and drag forces. The resultant of the current and rotor tangential velocity creates the drag

force and lift force as expressed by equation (2-19).

1

F =E-CL(a)-pW-UT2-c-Ar
1
FDzz-CD(a)-pW-UrZ-C-Ar and U, = /U£+Ut2
(2-19)
Where Fj = liftforce [N]
C,(a) = lift coefficient [-]
F, = dragforce [N]
Cp(a) = drag coeffidient [-]
U, = resultant of current and rotor tangential velocity [m/s]
c = hydrofoil chord length [m]
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Ar

radial length of blade element [m]

a angle of attack [deg]
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Figure 2-11 : Lift and Drag Coefficient over Angle of Attack (Batten, 2006)

The forces are affected by the lift and drag coeffidents which are influenced by angle of
attack and the shape of hydrofoil. Figure 2-11 shows the lift and drag coefficient for a typical
hydrofoil over angle of attack. At certain value of a, between 15 and 25, the lift coefficient
reaches its peak and then decrease while the drag coefficient keepsincreasing. It means that
the power generation will reach its peak and then decrease while the acting force on MCT

keepsincreasing following the shape of lift and drag coefficient respectively.

The resulting force E, on an element in x-direction can be calculated asfollows:

a=¢@—0
_ 360 " (Ud>
Q= o arctan 0,
F, = F, cosg + Fpsing
(2-20)
Where ¢ = angle of inflow [deg]
0 = pitchangle [deg]
F, = elementforce on x-axis [N]

For number of elements Ng and number of blades N, in a rotor, the axial force in the rotor

shaft can be expressed by equation (2-21).

Ng
Dy = Ny 'zFx,i
i=1

(2-21)
Where N = number of blades in a rotor [-]
N, = number ofelementsin ablade [-]
F,; = resulting force on x-axis at element [N]
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The axial force coeffident using blade element theory now can be derived by equation

(2-22).
G = 2o = o Zini Pt
Fo oo Ay =P Uoz
(2-22)
Where Cp,e = axial force coefficient [-]
Fc = undisturbed current force [N]

To be note that the axial coeffident depends on induction factor as it was used in equation
(2-17) and remains unknown. In the next section, both momentum and blade element

theories will be combined to determine the induction factor as well as the axial force.

2.4.4.3 Blade Element Momentum Theory

The blade element momentum (BEM) theory combines the momentum theory and the
blade element theory to determine the axial force acting on turbine. According to BEM
theory, the axial coefficients from momentum and blade element theories are equal as
expressed in equation (2-23). Both coefficients are induction factor dependent which now
can be calculated. It appears at range of 0 and 0.5 for no current velocity decrease at

actuator disk and velocity in far wake becomes zero respectively.

Cpaxm = Cpax BE

(2-23)
Where Cpgy = axial force coefficient from momentum theory [-]

Cpaxpe= axial force coefficient from blade element theory [-]

Once the induction factor has been found, the hydrodynamic axial force on turbine can be

determined by equation (2-24).

1
Doy = Cpax " Fc = Cpax* Ag zpw U()2
(2-24)

2.5 Turbine Description

Many arrangements arrived in the marine current energy converter such as horizontal axis
turbine, vertical axis turbine, hydrofoil device and venturi devices. The horizontal axis
turbine has been developed in advance on wind energy converter, which gives more
advantages compare to other devices. With the same mechanism of wind energy extraction,
the horizontal axis turbine presently is being desired in current energy development and

therefore will be used and discussed further in this thesis.
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Unlike the wind turbine that has its own market and brand, the horizontal axis MCT
currently is at a prototype stage, where single devices are placed at isolated testing site.
Therefore the MCT selection will be based on assumption and developed from wind turbine

as well as MCT most recent research.

2.5.1 Power Capture

Power capture of MCT is the main topic for tidal power generation. As the current stream
flows through the blades and drives the blades into a certain tip speed, thus, power is
generated. The maximum power generation is created at a certain blade rotational speed

which influences the fatigue design.

Figure 2-12 shows the basic concept of wind turbine power generation which applies for
MCT. The power capacity of a single turbine is formulated in equation (2-25). However, the
power coeffident varies from papers and publications. From Fraenkel (1999), MCT had
power coefficient between 0.35-0.5. Mellor (2004), C, varies by the flow velodty. It could
reach 0.4-0.45 at maximum flow between 1.75 to 3.5 m/s. Thake (2005) took the resultfrom
SeaFlow Project with C, = 0.4. Blunden & Bahaj (2006) got C, = 0.3 taken from typically 15m

turbine diameter that could produce 300 kW average power.

TURBINE EFFICIENCY WIND POWER CAPACITY

13 57 9111315171921 2325 1357 9111315171921 23325
m/s mis

13 57 9 M1315171921 2325

mis

Figure 2-12 : Wind Turbine Power Curve (Diepeveen, 2010)

chp'pw'Ad'Uc3

(2-25)
Where P = power capacity [Watt]
C, = power coefficient [-]
Pw = massdensity of water [kg/ma]
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Ay surface area of actuator disc [m?]

Ue

current velocity [m/s]

The power coefficient is influenced by the ratio between speed of the blade tip and current
speed as plotted in Figure 2-13. The curve shows peak for this particular blade at
approximately 5 and 6 of TSR. To capture the maximum power at every current speed, the

TSR should be changed accordingly to suit the C,,-T'SR curve at its maximum value.

0.6 ,

& 20°.1.73 mis

=£3- 25°,1.54 m's

L
f7Es, N

0.1 7

TSR

Figure 2-13 : Power Coefficient versus Tip Speed Ratio (Batten, 2006)

Uy QR
TSR = (;—‘0” =00
(2-26)
Where TSR = tipspeedratio [m/s]
Uip = blade tip speed [m/s]
Uy = undisturbed stream velocity [m/s]
Q = rotorangular velocity [rad/s]
= blade radius [m]

2.5.2 Variable vs. Constant Speed Rotor

One constant rotational speed value can produce the maximum amount of power at any
different current velodty. On the other hand, for variable speed rotor, a turbine can reach
optimum rotational speed at each current velocity. Figure 2-14 shows the difference
between variable and constant speed rotor for a wind turbine power production. Each curve

plots the power production against rotational speed at specific wind speed; power
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production reaches its maximum at certain rotational speed due to stall (section 2.5.3). The
red curved line expresses the optimum power production for a turbine at different wind
speed, while the blue vertical line shows the production for a constant speed rotor operating
at 27 RPM for the same turbine. It can be concluded that variable speed rotor gives more
advantages compare to constant speed rotor in the power production. However, for

simplification in fatigue analysis, the constant speed rotoris considered in this thesis.

1200
variable speed

1000 [~

800 rant
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2 .
3 speed 13m/s
5 600 -
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o
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Figure 2-14 : Power vs. Rotational Speed at Different Wind Velocities (Pijpaert, 2002)
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Figure 2-15 : Power versus Wind Velocity V90-3.0MW (Diepeveen, 2010)
The V90-3.0MW wind turbine power out-put of variable speed rotor at different wind speed
velocity is plotted in Figure 2-15. It implies the three characteristics of governing velocity to

generate power production.

P. = Rated power, maximum allowable converted power

V. = Cut-in speed, initial speed which the turbine starts operating

2-17



Study of Fatigue Design On MCT Support Structure, Bali-Indonesia | 2011

v, = Rated/nominal speed, the lowest speed which P, is reached

V¢ = Cut-out speed, the maximum speed which operations are stopped.

The speed characteristic defines four different intervals for turbine operation. Below cut-in
speed, no power will be generated due to mechanical friction is higher than incoming
energy. Between cut-in and rated speed, maximum power is generated according to the
occurring speed. At the rated speed, the generator reaches the maximum power to be
converted. Above this speed, there will be an excessive power production which could
damage the generator. As the ideal condition is to keep the power at constant value of P,,
therefore, stall of pitch regulation is applied as power control. At last, above the cut-out

speed, no power will be generated in order to prevent extreme loading.

2.5.3 Stall vs. Pitch Regulated Power Control

Two techniques have been developed in order to control turbine power generation once the
occurring speed exceeded the rated speed. Stall regulated power control mostly can be
found in constant speed rotor, while variable speed rotor are commonly used pitch

regulated.

Angle of attack \;\% stall

Pitch
Relative current velocity

Figure 2-16 : Stall and Pitch on a Hydrofoil

Cu-]

-10 0 10 20 30 40 50 60

o [deg]

Figure 2-17 : Lift Coefficient versus Angle of Attack (Batten, 2006)
Stall is a phenomenon of stream line separation between current and surface of hydrofoil as
shown in Figure 2-16. The separation occurs above a certain angle of attack which leads to a

turbulence and causes decrement of lift force. Decrement in lift with increasing angle of
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attack can be set as definition of stall (Corten, 2001) as shown in Figure 2-17. When current
velocity increases at a constant rotor speed, the angle of attack will increase; and at a
certain current velocity, the blades will begin to stall. This will cause decrementin lift but on
the other hand the drag will keep on increasing. At this point, there will be no power
increment even with higher current velocity. The stall regulated system is the simplest

technique, since it fixed to the hub and cannot be pitched.

Pitch regulated power control enables the blades rotating at its longitudinal axis therefore
the angle of attack can be changed simultaneously. Increment in pitch decreases angle of
attack and decrement angle of attack reduces lift coefficdent as shown Figure 2-16 and
Figure 2-17 respectively. This phenomenon will decrease the power generation as well. Thus,
when the rated power is achieved and the current speed rises above the rated speed, the
power can be kept constant at rated power value through a pitch adjustment. It is also
possible to reduce power generation by pitching the blades at opposite direction which

increases the angle of attack. This technique is called active stall regulated power control.

2.6 Dynamics of Marine Current Turbine
The MCT is exposed to the dynamically changing loads. This section will describe the basic of
equation of motion followed by harmonic excitation from turbine and wave as well as the

hydrodynamic damping as the effect of rotating blades.

2.6.1 Equation of Motion
The dynamics of MCT can be modelled as numbers of coupled multi degree-of-freedom

(DOF) mass-damper-spring system. The simple equation of motion with 1-DOF can be

expressed by equation (2-27) and illustrated in Figure 2-18.

mii(t) + cu(t) + ku(t) = F(t)

(2-27)

Where m = mass [ke]
¢ = damping coefficient [Ns/m]

k = springconstant [N/m]

ii(t) = body acceleration [m/s’]

u(t) = body velocity [m/s]

u(t) = bodydisplacement [m]

F(t) = harmonicexdtation [N]
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Figure 2-18 : 1-DOF mass-damper-spring system

When the harmonic exdtation is applied to the MCT, three steady state responses can be
distinguished according to frequency of exdtation (f,) over natural frequency of the
structure (f;,). Figure 2-19 illustrates the steady state of structure responses based on
Dynamic Amplification Factor (DAF) over normalized frequency (f./f,,). For quasi-static
range, the structure response follows the excitation response as observed with DAF near to
1. Next at resonance, the DAF reaches its maximum which can cause the failure of the
structure this range should be avoided at the design of MCT. Last, the inertia-dominated
range shows mass of structure is dominating the excitation force, therefore the DAF

decreases accordingly.
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Figure 2-19 : DAF versus Normalized Frequency

The first mode of structure natural frequency can be expressed by equation (2-28), assuming

that the model consists of a uniform beam with a top mass and a fixed base as shown in

Figure 2-18 (Tempel, 2006).

, . 3.04 El
) (Mgop +0.227uL)13
(2-28)
Where fn = natural frequency of structure [Hz]
Myop = Massin the top of tower [kg]
WU = mass per meter of tower [kg/m]
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L
El

height of tower [m]

bending stiffness of tower [Nm?]

By using parametersin (2-29), equation (2-28) can be re-written as follows,

IzlnD3t = p,nD,,t, and a—&
- 8 av *w? ‘u pS av *w pST[DthWL
(2-29)
5 . Dav E
ﬁ1 ="
L% |104(a + 0.227)p;
(2-30)
Where t,, = wallthickness of tower [m]
D,, = average diameter of tower (=D-t,) [m]
ps = density of steel (=7850) [kg/m®]
E = vyoungsmodulus (=2.10°) [kN/m?]

2.6.2 Harmonic Excitation of the Turbine

The source of harmonic excitation is coming from wave and turbine. The excitation from
turbine can be seen easily. The rotor’s rotational frequency called 1P is the first excitation
frequency on structure. The second excitation frequency is coming from the blade and
depends on the number of blades; for 3-bladed turbine, it called 3P. Figure 2-20 describes
the range of 1P and 3P excitation of 3-bladed turbine with a rotational speed ranging from

10.5to 24.5 RPM.

1P 3P
-— —
- » -+ »* —
soft-soft soft-stiff stiff-stiff
0.17 04 0.51 1.2 fIHz]

Figure 2-20 : Excitation Frequency of 1P and 3P Turbine (Tempel, 2006)

The diameter of rotor also gives influence in the excitation frequency as expressed by
equation (2-31) which is extracted from tip speed ratio at equation (2-26). For a constant
TSR at certain stream velocity, the fip will decrease as the diameter of rotor increase. The
increment in diameter requires higher tower hub. Consequently, the natural period of

structure will decrease as stated in equation (2-30).
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0 = 21 fp thus, f TSR- U,
as, = 4TT us, =
1P 1P _
(2-31)
Where fip = rotor’s rotational frequency [Hz]
Dp = diameter of rotor [m]

It is important to keep the natural frequency of structure outside the range of the turbine’s
frequency bands in order to avoid resonance which causes failure of the structure. Figure
2-20 defines the outside ranges of turbine harmonic exdtation and are categorized as
follows:

e Soft-soft :structure natural frequency below rotor’s rotational frequency

e Soft-stiff :structure natural frequency between the rotor's rotational frequency and

blade passing frequency

o  Stiff-stiff :structure natural frequency above the blade passing frequency

The soft-soft band is more attractive compare to other bands because it requires less
material and thus economically suitable. However, the structural response to fatigue failure

is more sensitive as the wave bands normally appear at low frequency.

2.6.3 Harmonic Excitation of the Wave
For offshore structures the harmonic excitation from wave generally has lower frequency
compare to the turbine. That is because the waves come from various periods and spread

out in the frequency band.

Since the MCT is designed using soft-soft and soft-stiff range, it becomes prone to wave
exditation. Figure 2-21 illustrates the occurrence of wave frequency in accordance with 1P
and 3P frequencies of the turbine. As seen in the figure, approximately 10% of the wave
occurrence could cause resonance in the structure. Therefore, a hydrodynamic damping is

needed to reduce the dynamic amplification on the structure response.
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Figure 2-21 : Occurrence of Wave Frequency with 1P and 3P Frequencies (Tempel, 2006)
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2.6.4 Hydrodynamic Damping

When an operating turbine moves against the stream, the blades experience an increasing
load as a result of an increasing stream velocity. This load is acting against the tower top
motion. Analogous for backward movement, it reduces the loading as well as the motion in

the top of tower. This conditionis known as hydrodynamic damping.

The hydrodynamic damping due to rotor is modelled into two conditions, low damping of
1.5% in case the turbine is not operating and high damping (5%) for turbine in operation.

This estimation is taken from offshore wind turbine energy (Kihn, 2001).

Based on API (2005), for typical pile founded tubular space frame substructures, a total
damping value of 2% of critical is appropriate. This accounts for all sources of damping

including structural, foundation and hydrodynamic effects.

As an engineering judgement, 4% of hydrodynamic damping at operational condition and 2%

for non-operating turbine will be considered in this thesis.

2.7 Foundation
The sail is assumed to absorb the associate loadings on MCT. Thus, pile-soil interaction
should be correctly represented in the model. The foundation can be modelled by rotational

and translational spring or by damping at a certain depth as shown in Figure 2-22.

seaq I sed

Vo T

scour hole \ seonr hole 1 Jixity depth

g springs X : o
: i clamped
A soil . soil

Figure 2-22 : Pile-Soil Interaction Foundation Model

Equation (2-32) shows the spring foundation model which gives the rotation and horizontal
translation affected by horizontal force and bending moment at working points. This model
requires advance analysis and data of the soil which is appropriate for detailed engineering

phase.

K-u=F
kin k
en el lo] =i

(2-32)
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Where K = stiffness matrix [-]
u = displacement vector [-]
F = load vector [-]
k;j = spring constant [-]
u = horizontal displacement [m]
@ = rotation [rad]
F = Thorizontal load [N]
M = bending moment [Nm]

For clamped foundation model, the horizontal displacement and rotation remains zero at
the clamped joint as expressed in equation (2-33). This joint is called the fixity depth. Table

2-1shows the variety of fixity depth at different soil types with D indicates the pile diameter.

0
k=[5 ol
0 o
(2-33)
Table 2-1 : Fixity Depth of Different Types of Soil (Barltrop, 1991)
Soil Type Fixity Depth
Stiff Clays 3.5D-45D
Very Soft Silts 7D-8D
General Calculations 6D

The clamped foundation model has been selected in this thesis due to unavailability of pile-

soil interaction data.

2.8 Limit State Design

A limit state is a set of performance criteria that must be met when the structure exposed to
incoming loads. Limit state design (LSD) is a modernization design method used in structural
design. It combines the statistical factored design of loading on the structure and the

material of the structure into an acceptable safety level.

The safety level of structure requires two prindiple criteria, which are Ultimate Limit State
(ULS) and Serviceability Limit State (SLS). Nevertheless, other criteria have the same
importance level of safety at certain condition such as Accidental Limit State (ALS) and

Fatigue Limit State (FLS).

2.8.1 Ultimate Limit State
The structure must withstand when exposed to extreme design load. Bending moment,

shear stress and axial stress are the parameters to be considered. The structure is stated to
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be safe when the factored magnified loadings are less than the factored reduced resistance

of the material.

2.8.2 Service Limit State
The structure must remain functioned as intended when subjected to daily routine loadings.
The main purpose of SLS is to ensure that personnel in the structure are not unnerved by

large deflection on the floor. Since the MCT is designed to be unmanned, therefore the SLS

designis set as required.

2.8.3 Accidental Limit State

The structure must withstand when exposed to excessive structural damage as
consequences of accident which affects the integrity of the structure, environment and
personnel. The ALS could be, for example, collision of maintenance boat with the MCT,
explosion of MCT due to excessive power production or electrical leak on generator and/or

ground acceleration which causes seismic and tsunami.

2.84 Fatigue Limit State

The structure must withstand when exposed to cyclic loading that causes fatigue crack due
to stress concentration and damage accumulation. This thesis will discuss in depth the

fatigue design of MCT due to cyclic loading of wave and turbine at chapter 3.
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3 FATIGUE DESIGN TERMINOLOGY

3.1 Introduction

Fatigue is a process of progressive localized permanent structural change in a material
subjected to fluctuating stresses and strains at particular points that lead into cracks or
complete fracture after a sufficient numbers of fluctuations. Marine current turbine (MCT) is
exposed to fluctuating loads from wave and turbine. Therefore, the stress responses are

varies in time which making MCT is prone to fatigue damage.

This chapter will expose the fatigue terminology starting with comparing the time series and
frequency domain at section 3.2 and the principles of fatigue analysis afterwards. The
selected fatigue spectral analysis is described in section 3.4 followed by stress concentration
factor in section 3.5. Finally, section 3.6 will discuss the fatigue endurance of MCT support

structure.

3.2 Time Domain vs. Frequency Domain

The time domain and frequency domain calculation methods offer two different analysis
techniques for the same system. The main difference is that the time domain represents a
spedific of stochastic process and frequency domain covers all stochastically possible

realisations.

The load calculation in frequency domain introduces a non-linearity through the drag termin
the Morison equation. For offshore structures with pile configurations, it shows that the
linear inertia term is more dominant compare to drag term. This applies for both maximum
waves and smaller waves which induce fatigue loading at reference sites. As this system can
be approached by linear term, the linear frequency domain can assess the fatigue damage
calculation in an effective manner without losing accuracy as compared to time domain
calculations. On the other hand, the time domain offers the exact value which fit in the
exdtation loading. It has predision loading as translated from environment condition present
at reference site. However, in the oil and gas industry, this method is barely used due time
consuming in the process of calculation. Therefore, the frequency domain fatigue analysis

will be used and discussed in this thesis.

Table 3-1 provides the relation between time series and spectral parameters for waves
which will be used in this thesis. The spectra formulation of JONSWAP and Pierson-

Moskowitz can be found at section 2.4.2.
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Table 3-1 : Time Series and Spectral Parameters for Waves (Barltrop, 1991)

Description Relation

Spectral moments(n = 0,1, 2,...) m, = f frS(f) df

0
Variance or mean square o= my
Standard deviation or root mean square (RMS) o =.,mg
Significant wave height H, =~ 40
. . mg
Mean zero crossing period T,= |—
m;
. my
Mean period of the spectrum Ty, = —
1
. m;
Mean crest period T.= |—
my
Maximum wave height Hyae = 1.86 Hy

3.3 Principles of Fatigue Analysis

3.3.1 Introduction

Fatigue in offshore structures is caused by the cumulative effect of all variable loads
experienced by the structure during its life time. The variable loads from global and local
loading are the main components for fatigue damage calculation. In addition, fatigue
damage is highly localized type of failure affected by local details of structure connection.

Therefore, the structure connection must be correctly represented in a fatigue analysis.

There are three main elements of fatigue damage analysis i.e.:
e Longterm stress environment in each component
e local hot spot stress calculation at each detail

e Fatigue endurance calculation of each detail.

Furthermore, the main principles of fatigue analysis due to associate loadings are outlined in

this section which is taken from API (2005), Eurocode (2007) and DnV (2005).

3.3.2 Long-term Stress Environment
The long-term stress environment involves long-term wave dimate, evaluation of wave
loading on the structure, evaluation of structural internal loading and local hot spot stress

accumulation analysis.
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There are three commonly used methodologies in long-term stress environment analysis i.e.
simplified, deterministic and spectral analysis which require different computational effort
and have a different level of accuracy. The differences and applicability of each methodology

are described here after.

3.3.2.1 Simplified Analysis

This method requires least computational effort. It uses the most simplified representation
of the long-term wave environment and the assodate loading. A single regular wave from
long-term wave height statistics is used to estimate the long-term stress statistics. Thus, this

method is appropriate for screening during the initial phase of the design.

3.3.2.2 Deterministic Analysis

This method has the similarity with previous method; the difference is a series of periodic
waves with different heights and periods is used instead of a single regular wave to evaluate
structural response. It counts non-linear wave loading but still not reflecting the true
frequency content of the wave environment. Therefore, this method is appropriate for
screening during initial design phase and may be used for final verification of structure in

shallow and medium water depth where dynamiceffects can be neglected.

3.3.2.3 Spectral Analysis

The spectral analysis is the best method to represent the random nature of the wave
environment and its assodate loading. Although linearization of wave loading and
approximation of inundation effect is required, the spectral analysis counts the range of
wave frequences present in random seas and also suitable for dynamically responding
structures. Therefore, this method is appropriate for final verification of fatigue design and

will be usedin this dissertation. Section 3.4 will discuss the spectral analysis in more detail.

3.3.3 Local Hot Spot Stress Calculation

The local hot spot stress is influenced by local details and its geometry and calculated from

gross distributed load or nominal stress in the component.

Fatigue life of all details subjected to cydic loading are required to be checked, however,
spedal attention will be given to tubular joints since it mostly used in offshore structure
design. The tubular joint configuration uses stress concentration factors (SCFs) to calculate
the local hot spot stress from nominal member stress. Appropriate SCF formulation for

tubular joints will be outlined in section 3.5.
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3.3.4 Fatigue Endurance

The crack growth behaviour under cyclic loading for a particular material and detail defines
the fatigue life of the structure. The fatigue endurance is translated from a given stress
ranges to a number of cycles at particular location through S-N curve. Both stress range and
number of cycles are in conjunction with long-term statistics of hot spot stresses and
Miner’s rule. The fatigue endurance which involves S-N curve and Miner’s rule will be

discussed in section 3.6.

3.3.5 Safety Philosophy
The main objective of fatigue analysis is to verify that the structure is safe due to associate
fatigue loadings during its service life. The safety philosophy of fatigue design is to minimize

the requirement of inspection and additional consideration should be given for inaccessible

or difficult toinspect in-service area.

The following criteria may be applied for fatigue safety philosophy design:
e Easily accessible inspection should have a minimum calculated design fatigue life of
twice of the intended service life.
e Inaccessible or difficult inspection should have a minimum calculated design fatigue

life of four times the intended service life.

For the MCT support structure design, the details are considered as inaccessible or difficult
to inspect therefore a minimum calculated design fatigue life of four times the intended

service life is required.

3.3.6 Dynamic Analysis

Dynamic analysis is required if the natural periods of the structure are in the range of

associate loadings which could lead to significant dynamic response.

For normal structure configuration in the oil and gas industry, dynamic response to wave can
be ignored if the platform fundamental natural period is less than 3 seconds. And for mono-
column type of structure, a lower wave period cut-off should be considered due to no wave

cancelation effect at higher frequency (API, 2005).
3.4 Spectral Fatigue Analysis

3.4.1 Introduction

The spectral fatigue analysis is the most comprehensive analysis and the best way to

represent the random nature of the wave environment. This method uses long-term
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statistics of the wave tabulated in wave scatter diagram to represent the range of wave
frequencies of reference site. These frequencies are explicitly accounted in the loading and
structure response as well as the effect of hot spot stress transfer function for evaluating the
response statistics for each random seastate. In addition, this method is ideal for

dynamically responding structures.

3.4.2 HotSpotStress Transfer Function
The hot spot stress transfer functions are required for fatigue check in the structure. It
defines the hot spot stress amplitude per unit wave amplitude over a range of wave

frequencies at each wave direction.

The transfer function is determined by stepping a regular wave to the structure to calculate
the cyclic loads on elements. This stepping regular wave height and frequency are selected
carefully to achieve an appropriate transfer function which will be described in section 3.4.3
and 3.4.4 respectively. Structure analyses are then performed to calculate the hot spot
stress range at location of interest. The result is divided by wave height to determine the
transfer function which is equivalent to the hot spot stress amplitude per unit wave
amplitude. This calculation is repeated for each frequency and direction at each point in the

structure to establish a complete set of hot spot transfer functions.

Figure 3-1 shows the regular wave loading stepping to the structure and the structure
response for particular frequency. For harmonic input load F(t) = F cos(2rf - t), the

system response can be expressed analytically by equation (3-1).

Input F{1) System Output x(7)

a| -
N N

LS O A C
|I|I|||||||I||I il

TR
IRIRIRIRIRIRIRIA]
PUVVUvyuyuy

Figure 3-1 : Harmonic Sinusoidal Wave and Harmonic Structure Response Wave
x(t) = XcosQnuf -t — )
x(t) = =2nf - Xsin2uf -t — @)
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¥(t) = —4n?f?- % cos(2nf - t — @)

Where x(t)

& R
V) N
~ =~
p—— p——
1 [}

body displacement
body velocity

body acceleration
displacement amplitude
exdtation frequency
time

phase angle

[m]
[m/s]
[m/s’]
[m]
[Hz]
[s]
[rad]

(3-1)

By substituting equation (3-1) to (2-27) , with repladng u(t) by x(t), the system can be re-

written by equation (3-2). Once the solution has been found, the structure transfer function

can be determined. Figure 3-2 shows the transfer function of the structure with body

displacement amplitude perload excitation amplitude over frequency domain.

—m-4m?f?-RcosQ2uf -t — @) —c - 2nf - XsinQ2uf -t — ) + kX cosQnrf - t — )
= Fcos(2nf-t)

Where m = mass
¢ = damping coefficient
k = springconstant

F(t) = harmonicexdtation

F = load amplitude

~r TRANSFER FUNCTION

N
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M
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Figure 3-2 : Structure Transfer Function

[kgl
[Ns/m]
[N/m]
[N]

[N]

(3-2)

As the response spectrum can be expressed by S, (f) = % £2(f)/Af, the transfer function

can be determined by equation (3-3).
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S"(f)ZA]}i“TOE Af  af% F(H

Sx(f) = [TRF]*- Sp(f)

12200 _ a?(f)r' 1F2(F) _ [2(H)

2
e

TRF = [S"(f) k = %(—f)
Sr(f) F(f)
(3-3)
Where S,(f) = structure response spectrum [m?s]
Sp(f) = exdtation spectrum [N%s]
TRF = transferfunction of structure [m/N]

3.4.3 Wave Height Selection
The wave selection is aimed to limit the non-linearity introduced by drag componentin the
wave loading. This can be done by using a constant wave steepness which provides a simple

relation between wave height and wave frequency. The wave steepness can be expressed in

equation (3-4) with typical valuesin the range of 1:15 to 1:25 (API, 2005).

H=S"-L
L= g _ 1.56 T?
2m
(3-4)
Where H = wave height [m]
S = wave steepness [-]
L = wave length [m]
g = gravity acceleration ( =9.81) [m/s°]
T = wave period [m]

The use of constant wave steepness will introduce unrealistic large wave height at small
frequencies. Therefore, limitation has been given with using minimum wave height of 0.3m

(1foot) and maximum wave height equal to the design wave height (API, 2005).

3.4.4 Wave Frequency Selection
The wave frequency selection is aimed to set a fine wave response over relevant frequency
range. The followings describe the basis for frequency selection based on structure and
environment characteristics (API, 2005).
e  Minimum and Maximum Frequencies
The minimum and maximum frequency should cover the significant energy of the

seastate.
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e (Cancellation and Addition Frequencies

Wave frequency in the area of peaks and troughs should be included to get a fine

shape of wave response.

e Intermediate Frequencies

Suffident intermediate frequencies should be included to ensure a complete

definition of the transfer function features.

e Natural Frequendes

The natural frequency should be induded in order to define the peak of dynamic
response. Three closely spaced additional frequencies on each side of natural

frequency should also be induded with maximum space is defined by critical

damping of the structure.

Figure 3-3 shows the typical base shear wave load transfer function over frequency grid. The

transfer function has to be checked to ensure the shape of peaks and valleys are clearly

defined.
h
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Figure 3-3 : Selection of Frequencies for Detailed Analyses (API, 2005)

3.4.5 Wave Response

Frequency domain wave response analysis offers an efficient computational calculation for

evaluating dynamic response of a linear problem with modal analysis.

For global structure response, modal analysis gives a reliable method. However, for local
responses like fatigue analysis, the modal techniques are usually unreliable. One solution
can be used by using a large number of modes but it contains numerical inaccuracies
associated with high frequency modes. To overcome these problems, mode accelerations

method is introduced which superimposes the dynamic responses due to limited number of
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modes into a full static solution. This method can represent the significant dynamic response
with reliable accuracy and computational efficiency by including a suffident number of

modes.

The SACS wave response module has capability to use equivalent static load to represent the
loads on structure due to fluid motion induding the relative motion between structure and
fluid. The equivalent static load consists of inertia and hydrodynamic loadings which come
from modal acceleration and the fluid-structure motion respectively. As the high frequency
modes has static response, the dynamic amplification will significantly occur at low
frequency overall structural modes. Thus, the significant inertia loads can be found in this
range. The equivalent static load eliminates large number of modes by addinginertia loading
that has significant dynamic amplification to the actual hydrodynamic loading. In the oil and
gas industry, it is recommended to use this technique if not specified in the design criteria

(API, 2005).

3.4.6 Linearizationof Non-linear Wave Loads

The load calculation is based on water particle velocity and acceleration as discussed in
section 2.4. The partide motion can be approached by several theories; however, the Airy
wave linear theory is the most accurate theory to model this linearity. According to Airy
theory, the particle velocities and accelerations are linearly dependent on the wave

amplitude.

The non-linear wave load is only introduced by drag term of Morison equation as seen on

equation (3-5) or (2-10) which shows the square of the velocity in the drag term.

Ghydro = fi+ fa = %pWCMDZ U+ %pWCDD. lulu

(3-5)
The total hydrodynamic load and overturning moment on a single pile with uniform
diameter can be determined by integrating f; and f; from sea bed to free water surface

elevation as expressed by equation (3-6).

¢
FO = | (G0 + a0z

¢
MO = | GO+ fi 0} @+ e

(3-6)
Where F(t) = total hydrodynamicload [N]
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M(t)
fi
fa

¢
d

overturning moment

hydrodynamic inertia load per unit length

hydrodynamic drag load per unit length

water surface

mean water depth

[Nm]
[N/m]
[N/m]

[m]

[m]

Simplification of equation (3-6) can be used by setting the integration from seabed to still

water level (z = 0). This method discard the drag force acting on pile during the passage of

wave crest but does not affect the inertia load as the maximum load occurs when the wave

surface at zero crossing. Although this condition can be significant at drag dominated term,

it has shown that for this particular application, this simplification is still valid. As the pile

diameter is much smaller than the excitation wave, the governed wave loading is mainly due

to inertia. For less extreme wave condition, fatigue waves, the inertia loading dominates the

total hydrodynamic loading. Therefore the wave induced fatigue will be influenced by linear

inertia wave loading (API, 2005). The magnitude of drag and inertia load and moment can be

expressed by equation (3-7).

F, =7 Pv g CuD*¢ - tanh(kd)

1 , [1
Fi=5p0 9 CoD3 |5+

_r 27 . [ i<—_
Mi= 30 8 Cu D? Cu-d|tanh(kd) + 1o (oo os

1
Md=§pw gCpD;

Where

2

kd ]
sinh 2(kd)

kd

d 2(kd)?+1— cosh2(kd)

1

' [E T aksinh 2(kd)

inertiaload

drag load

inertia moment

drag moment

mass water density
acceleration of gravity
wave number

inertia coefficient
drag coeffidient
diameter of pile

wave amplitude

|

1)

(3-7)
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3.4.7 Natural Frequency

The natural frequency of the MCT support structure depends on design configuration and
mass at the top of tower. The theoretical frequency should be reviewed and selected
carefully as expressed in equation (2-29) and described in Figure 2-21. The position of
natural frequency defines the level of dynamic response. Resonance would occur if the
natural frequency is in the vicinity of excitation frequency of the wave or turbine and might
lead to structure failure. If the natural frequency falls in a valley of the base shear wave load
transfer function, it should be shifted by 5 to 10% to a more conservative location. This can
be done by adjusting the mass or stiffness parameters of the MCT support structure. The
choice of modification depends on the support structure type, mass and soil conditions.
Since the top mass is relatively fixed by turbine manufacturer, the adjustment has to be
made in the stiffness of MCT support structure by changing the diameter of tower and pile.

However, the foundation stiffness modification may sensitive to fatigue analysis.

3.4.8 Short-term Hot Spot Stress Statistics

After calculating the hot spot stress transfer function for all locations in the structure, the
short-term statistics of hot spot stress are calculated using standard spectral as described in
section 2.4.2. The short-term statistics indicates the numbers that the hotspot stress range

exceeds a certain value at one occurrence for a particular approach direction.

The hot spot stress transfer function for a particular location and wave direction are tailored
with the spectrum to calculate the hot spot stress response spectrum for each seastate. The
Root Mean Square (RMS) value and mean period of the hot spot stress response are
determined by integration function of the spectrum and its higher moments. These
components are to be used for probability distribution function of peak value to achieve the

short term statistics of the hot spot stress range.

For narrow banded process, the Rayleigh probability distribution function is normally used,
while Rice probability distribution function is valid for Gaussian random process of any
width. In practice, Rayleigh probability distribution is appropriate for relatively similar waves

and Rice can be used for varies wave data (API, 2005).

Rayleigh Probability Distribution Function
The Rayleigh distribution is based on the zeroth moment of the spectrum as expressed by

equation (3-8).
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2
Si

PRayleig h(s)=1- e zmo
5
PRayleig h(Si) =1—e 8mo

(3-8)
Where s; = stressamplitude [N/m?]
S; = stressrange (S; = 2s;) [N/m?]
mg = zeroth moment of spectrum [-]
The number of stress ranges per stress range class can be expressed by equation (3-9).
Ty
n; () = T, [PRayleig 1 (Si+1) — Prayleig h sl
l+1
e 8m0 —e Smo
mo
(3-9)
Where n; = numberof cycles present at stress range i [-]
T, = duration of the state [s]
T, = average period between stress range [s]

Rice Probability Distribution Function
The Rice distribution is based on the zeroth, second and fourth order moment of the

spectrum as expressed by equation (3-10).

PRice Esi :PRice(Si):PN —\J1—¢g%-e 2mg 'PN _—
&My &My

Py = J ' d
V2
=j1_(2)2 =J1— m3
T, mgy my
(3-10)
Where Py = cumulative prob. of standard normal distribution [-]
& = spectral width parameter [-]
m, = second moment of spectrum [-]
my = fourth moment of spectrum [-]

The number of stress ranges per stress range class can be expressedin equation (3-11).
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Ta
n;(S;) = T [Price (Si+1) — Price (S)]
c
m
=Ty |— [Price (Si+1) = Price (S
m;
(3-11)

Where n;

Te

number of cycles present at stress range i

average crest period

3.4.9 Long-term HotSpot Stress Statistics

[s]

The long-term hot spot stress statistics is basically the accumulation of short-term hot spot

stress statistics of all seastates and directions. This summation is done after applying the

probability of occurrence of the seastate and the wave direction. This cumulative

distribution is to be used as an input to the fatigue damage calculation and will be described

in section 3.6.

3.4.10 Overview Frequency Domain Spectral Fatigue Analysis

To summarize, Figure 3-4 shows the sequence of transfer function calculation and the

structure response due to wave. This method can be applied to all wave spectra tabulated in

scatter diagram for all directions which making the calculation efficient and fast.

Adry linear wave theory

(r

=* [ cos ax)

Meorison

u "
I*-’JF=JF-'+JI-.1'

Base Shear and OTM

F=% fAz
Py

Mudline bending stress

u M= fid+ Az
- : M 2 F d+ Az
i
Transfer function
{:-
5
Wave spectrum Transter function Bending strzss spectrum
TRF {—o;
S0f) /\ 5.0f)
7 7 f

Figure 3-4 : Overview Frequency Domain Spectral Fatigue Analysis (Tempel, 2006)

3.5 Stress Concentration Factor

The structural analysis explained at previous sections provides nominal axial, in-plane and

out-plane bending stresses at all points of interest. The fatigue check of particular detail can
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be performed by adding the local hot spot stress with stress concentration factor (SCF)
which accounts the effect of geometry of the detail on the local stress distribution. Different
SCFs may apply on the nominal stress components depend on the geometry of the detail.
The combination of SCFs and nominal stress components produces the peak hot spot stress.

In addition, the SCFs should be compatible with nominal stresses and S-N curve.

The stress concentration factors for commonly occurring details are available in standards or
codes. For simple geometry, it can be calculated directly. For more complex connection,
parametric formulae are introduced which derived from model tests or finite element
analyses. In case of unusual connection that does not apply to any codes or standards,

detailed finite element analysis is required to determine the SCF.

The commonly used SCF’s equation is provided by Efthymiou. It consists parametric
equations for T, Y, K, KT and X-joint configurations under axial load, in-plane bending and
out-plane bending. The SCF should be applied to the chord or brace side of the tubular

intersection weld.

The standards or codes of SCF can be found in API (2005) and DnV (2005) for other details

like tubular thickness transition.
3.6 Fatigue Endurance

3.6.1 Introduction

From spectral fatigue analysis, the long-term hot spot stress range statistics has been
produced in form of number of cycles. These statistics are to be used in fatigue endurance
calculation using an appropriate S-N curve for each connection detail in conjunction with
Miner’s rule for linear accumulation of the fatigue damage. For welded structures, the most
sensitive to fatigue failure are normally associated with the weld itself and the details of the

weldsin respect of geometry and welding particulars.

3.6.2 S-NCurve

The S-N curve provides the allowable numbers of cycles failed due to fatigue at particular
stress range. The commonly used standards of S-N curves can be found in APl (2005),
Eurocode (2007) and DnV (2005). For example, APl X and X-prime for simple tubular
connections can be found in API (2005). However, the most comprehensive set of S-N curves

can be found in DnV (2005) which covers a broad range of connection details.
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The selection of S-N curves is based on the direction of applied stresses, the fabrication

method and the inspection method.

Stress range S; (log)

Number of cycles N; (log)

Figure 3-5 : Typical S-N Curve for Structural Detail
Figure 3-5 shows the typical S-N curve for steel material with slope of 3 at lower cydes and

slope of 5 at higher cycles. The stress range and number of cycles axes are inlog-log domain.

3.6.3 Miner’s Rule

The Miner’s rule provides the cumulative fatigue damage calculation for linear approach. It
enables the constant amplitude design of S-N curves to be applied in the structure exposed
to variable amplitude loadings. The Miner’s rule has the reliability to predict the actual
fatigue lives due to variable amplitude loading, particularly for welded connection. The

fatigue damage ratio based on Miner’s rule is expressed by equation (3-12).

b=y
— i
(3-12)
Where D, = cumulative fatigue damage ratio [-]
n; = number of cycles present at given stress range S; [-]
N; = allowable number of cydes at given stress range S;  [-]
S; = stressrange ati [kN/m?]

The Miner’s rule states that the detail is considered safe due to fatigue if D, < 1.

The design fatigue life is determined by the inverse of the cumulative fatigue damage ratio
in yearly basis.
. , , 1
Design Fatigue Life = —
D;
(3-13)
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4 METHODOLOGY

4.1 Introduction

This methodology can be used as general fatigue design of marine current turbine (MCT)
approached by frequency domain analysis. Structure Analysis Computer System (SASC)
ver.5.2 computer programme is used to calculate the fatigue performance of the structure.
Engineering Dynamic, Inc. (EDI) has developed the SACS system of software for offshore
structure engineering applications. SACS consists of several modular structural analysis
programmes which are interface to each other. Further detail of the software can be read on

SACS manual attached to the software.

The fatigue analysis on MCT has not been developed by SACS. Therefore, in this thesis, the
fatigue analysis and calculation are based on experience and expertise engineering
judgement. The methodology is also applied to a range of representative cases which will be

discussed in this chapter.

The overview of MCT design methodology is described in section 4.2 followed by analysis
set-up for wave induce fatigue and turbine induce fatigue in section 4.3 and 4.4 respectively.
Section 4.5 covers the MCT support structure, section 4.6 explores the environment data
present in the reference site and finally, section 4.7 describes the computer model used in

this thesis.

4.2 Overview of Methodology

The methodology for calculating fatigue performance of structure is divided into two
modules of excitation sources. Current flow moves the blades for electricity generation
which causes vibration in the support structure. Excdtation from stochastic process of the
wave is the other source in fatigue analysis design. By these spedcific sources, vibration
module and wave response module in SACS can be used to predict the analytical fatigue

performance of the support structure.

First, the turbine is modelled on a rigid support structure with a constant rotational speed.
Transfer function of this model can be determined by extraction of structure response over
exdtation input. Then, wave excitation is modelled including hydrodynamic damping as the
effect of operating turbine. Stress variation due to wave and turbine generated current are

now can be calculated. By assuming the wave and current induced stresses are independent

4-1



Study of Fatigue Design On MCT Support Structure, Bali-Indonesia | 2011

to each other, the final stress response can be determined by quadratic superposition.

Figure 4-1 shows the overview of fatigue performance calculation due to wave and current.

Fatigue performance of MCT is not only affected by operating and idling condition but also

by start-up, stoppages and pile driving activities. These cases can be analyzed independently

and added to the total fatigue damage. Since the operating and idling cases are the most

goveming conditions for fatigue, therefore these cases are to be considered in this thesis.

Current Wave

/

T,
| - H,
- Constant
| rotor speed . . Wave scatter
e Diagram
k h 4

f !

Frequencydomain fatigue Frequency domain fatigue
check for currentonly check forwaves only
Fatigue Fatigue
Load Cases Load Gases
I—W ]

Quadratic
superposition
summation
Total Fatigue

Figure 4-1 : Overview of Fatigue Analysis Methodology for Current and Wave

4.3 Analysis Set-up Wave Induce Fatigue

The followings are the general steps of fatigue analyses due to wave excitation:

Detailed computer model represents the structure mass, damping, stiffness and
hydrodynamic properties.

Natural frequencies and modal analysis.

Wave response analysis for each direction to evaluate the nominal stress range.
Stress Concentration Factors (SCF’s) combined with nominal stress range to achieve

peak hot spot stresses for each chord-brace interface.
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hot spot stress and number of wave occurrence.

corresponding service life of the structure.

designlife, jointis considered acceptable.

Fatigue damage calculation based on appropriate S-N curve in conjunction with peak

Cumulative fatigue damage evaluation using Miner's rule to determine the

This service life is compared to the design life. If the service life is more than the

Table 4-1 shows the detailed procedure flow chart for SACS computer program.

Table 4-1 : Spectral Fatigue Analysis Procedure

No

Input Program Execution Output
1 PILE-SOIL INTERACTION Generate Foundation
ANALYSIS Linearization
Structural Data Static with Soil Pile Foundation Linearization File
Soil Data Interaction Output Listing
2 FREE VIBRATION
ANALYSIS Generate Natural Period
Structural Data Mass File
Dynamic Data Extract Mode Shapes Modes File
Foundation Linearization File Output Listing
a WAVE RESPONSE Generate Dynamic
ANALYSIS Transfer Function
Wave Data [ Common Solution File |
Structural Data Output Listing
Mass File Wave Response
Modes File
Foundation Linearization File
4 FATIGUE DAMAGE
ANALYSIS Generate Fatigue Life
Fatigue Data Fatigue Damage Output Listing

Note: coloured boxesindicate analysis output to be used asinput in the next steps.

STEP — 1: Pile Soil Interaction (PSI) Analysis.

As the dynamic analysis is using linear theory, the non-linear pile-soil-interaction must be

represented in a linear equivalent system. PSI analysis is used to generate the equivalent

foundation stiffness matrix or SuperElement file to represent the foundation for dynamic
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analysis. Since fixed linear foundation is to be applied in analysis, thus this step can be

neglected.

STEP — 2: Free Vibration Analysis

Free vibration analysis is performed to determine the dynamic characteristic of the
structure. This indudes natural periods, mode shapes and modal internal load and stress
vectors. This module generates the structural mass for all modelled elements and associate

loadings. In addition, the added mass of entrapped fluid in members is also considered.

STEP — 3: Wave Response

The wave response module is used to compute the dynamic response of the structure
subjected to wave action. The wave response program interacts with the dynamic analysis
program to produce modal response in order to calculate the internal load members. This

internal load on each member is described as Common Solution File (CSF).

From the wave data, the numbers of wave heights with corresponding periods are used to
define the relationship between wave height and stress range. The stress range for each

wave and the number of occurrence is then used to determine fatigue damage.

STEP — 4: Fatigue Damage Analysis

Fatigue is a post-processing program in SACS to evaluate the structure performance with
respect to fatigue failure. It uses the results of dynamic and wave response analysis to
evaluate the stresses for tubular cross sections around the welded connections. The stresses

are then multiplied by stress concentration factors and stress ranges are evaluated.

The resulting stress ranges are then used to find the damage rates at each of the eight points
of joint tubular cross section by calculating the ratio of the number of occurrences of this

stress range to that which would produce failure as determined from S-N curve.

4.4 Analysis Set-up Turbine Induce Fatigue

The fatigue damage due to turbine loading has not been developed in SASC yet. Therefore,
approximation will be made by adopting the above steps and used Engine Vibration Analysis
instead of Wave Response Analysis to evaluate the nominal stress range of the turbine. The
total service life of the structure is evaluated by merging the cumulative fatigue damage

from each analysis.
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4.5 Description of the MCT Support Structure

The fatigue design of marine current turbine will be modelled by three different types of
support structure (monopile, tripod and GBS) at three different water depths (20m, 30m,
and 40m) as shown in Figure 4-2 and Figure 4-3 to accommodate the characteristics of site

condition.

[ Ao ojle=ton]

-‘
'

Pile
penetration

Figure 4-2 : Water Depth Configuration for Monopile MCT Support Structure

Gravitv Base Monopile Tripod

Figure 4-3 : MCT Support Structure Configuration

4.6 Environment Data

Legend
Tide Height [l "2 (cm

§ .10 — '.
=

Figure 4-4 : Tidal Constituents in Indonesia (Hydro-Oceanogra phic Service Indonesian Navy, 2009)

4-5



Study of Fatigue Design On MCT Support Structure, Bali-Indonesia | 2011

Figure 4-4 shows the tidal constituent present in Indonesia water. The tidal characteristics
are mainly mixed but semi-diurnal dominated. The reference site location between Java and
Bali islands is selected for this thesis as marked with white box in Figure 4-4. Bali Island is
well known as paradise of the tropical and invites most of tourists in Indonesia. Therefore,

the island requires more energy to fulfil its demand.

The detail data of reference location is obtained from Pagerungan Station (LAPI ITB, 2005)

which consists of current, wave and marine growth data.

4.6.1 CurrentData

Currents are varies widely overtime in both velocity and direction. The presence of current
with conjunction with wave will affect the total drag loading and will change the magnitude
of the cyclic loading. Sensitivity calculation has shown that the effect of currentis generally
small. In oil and gas industry, therefore, current are normally ignored for fatigue analysis.
However for MCT fatigue design, current presence will be induded in calculation. Table 4-2

shows the current speed over percentage of water depth elevations.

Table 4-2 : Current Data over Depth (LAPI ITB, 2005)

Elevation Current Velocity
% of water depth

0 0.55 m/s
10 0.53 m/s
20 0.52 m/s
30 0.50 m/s
40 0.48 m/s
50 0.46 m/s
60 0.44 m/s
70 0.41 m/s
80 0.38 m/s
90 0.35m/s
100 0.32 m/s

4.6.2 Wave Data

Waves are the dominant source of fatigue loading on offshore substructures. Long-term
wave environment is required for fatigue analysis to enable the cumulative effect of all wave
conditions occurring throughout structure life time. Wave scatter diagram, which is the
probability of occurrence of seastate defined by significant wave height (H;) and associated
zero crossing period (T,), is the most suitable representing wave condition for fatigue

analysis. The data may be obtained by measurements, hind casting or combination of both.
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Table 4-3 and Figure 4-5 show the directional wave scatter diagram and the probability of
occurrence of wave period in Pagerungan station. It indicates individual probabilities for

number of mean approach directions.

Table 4-3 : Percentage Wave Occurrence at Pagerungan station (LAPI ITB, 2005)

) ) Significant wave height groups (m)
Direction
0.1-0.5 0.5-1.0 1.0-1.50 1.50-2.00 20-25 >2.5 Total
N 0.48 0.92 248 0.18 0.75 0.10 4.90
NE 0.56 0.49 0.99 0.03 0.11 0.01 2.19
E 0.52 131 4.63 1.05 3.42 2.38 13.32
SE 0.67 1.83 7.64 2.59 5.43 3.18 21.34
S 0.52 0.99 2.29 0.23 041 0.03 4.46
SW 0.56 0.63 1.53 0.11 0.10 0.00 2.93
W 0.70 1.68 5.78 141 3.37 0.85 13.78
NW 0.51 1.83 10.32 2.19 11.57 2.60 29.02
Total 4.52 9.69 35.64 7.79 25.16 9.14 100
40
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Figure 4-5 : Distribution of wave period for fatigue analysis at Pagerungan station (LAPI ITB, 2005)

4.6.3 Water Level

The water level for fatigue analysis should use the average water level during the life time of
structure. In this case the water level is assumed at 20m, 30m and 40m above seabed to
accommodate the site characteristics. Subsidence is not considered in this thesis; therefore,

the water level is set to constant as stated previously.

4.6.4 Marine Growth

The presence of marine growth attached to the structure increases the total diameter
exposed by water particles, consequentially the acting force is increasing. Marine growth is
normally pronounced during the first few years after structure installation or establishment.

For new design in Indonesian water, specifically at place of interest, the marine growth is
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expected in value of 5cm (to the radius) between mean sea level to seabed with density of

1233 kg/m” (LAPI ITB, 2005).
4.7 Computer Model

4.7.1 PreliminaryDesign

40 " " " "
Di ution of Wave Period with 1P and 3P Plot
35 m
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Mean Period (Tz) [s]

Figure 4-6 : Distribution of wave period for fatigue analysis with 1p and 3P Plot

Figure 4-6 shows the distribution of wave period with 1P and 3P plot as well as soft-soft
range for support structure design natural period (inverse of natural frequency). As the wave
probability distribution in reference site has short periods (blue thick bars) and the selected
turbine constant speed of 10.5 RPM (red light bars) has excitation period of 5.7s and 1.9s for
1P and 3P respectively, it results that the soft-soft areais at T, = 6s. This leads to a slender

support structure configuration which requires spedial configuration.

By using equation (2-30) with a constant wall thickness (t,,) of 25mm and assumed top mass
of 1x10%kg, the relation between MCT natural period (T,,), water depth (L) and preliminary
support structure diameter (D,,) can be determined as shown in Table 4-4. The natural
period of the MCT is in the range of 6s-6.6s with less than 5% of resonance due to wave
excitation occurs during its life time. However, the selection of natural period of MCT has to
be in accordance with the wave extreme condition to avoid excessive deflection due to

ultimate limit state design.

Table 4-4 : MCT Natural Period Selection

Day tw L fa T
[m] [m] [m] [Hz] [s]
0.250 0.025 20 0.17 6.02
0.375 0.025 30 0.16 6.26
0.500 0.025 40 0.15 6.59
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4.7.2

Pile-Soil-Interaction Analysis

Clamped foundation model with fixity depth of 6D is considered in this thesis as described in

section 2.7. Therefore, the foundation model for MCT support structure is in linear formin

conjunction with the structure model.

4.7.3

Free Vibration Analysis

Spedcificinputs are required for free vibration analysis as described here after:

4.74

4.7.5

Consistent Mass Option is chosen since it gives better estimated of calculated added
mass.

The linear foundation of 6D is used for carrying out the free vibration analysis.
Retained degrees of freedom are specified on all main structural joints so as to
obtain all the modes having higher mass participation factors.

The pile is kept flooded for entrapped water mass in the natural frequency
calculation.

A total of 3 modes have been extracted to participate in spectral analysis.

Added mass coefficient specified is equal to 1.0.

The weight density of all members has been increased by 10% to account for

miscellaneous weight contingency.

Fatigue Wave Climate

Total number of wave incidence used in fatigue analysis is 18519217 based on
report by LAPI ITB (2005).

Airy theory has been used to evaluate the hydrodynamic loading due to fatigue
waves.

A total of 12 wave directionsis chosen to carry out fatigue analysis

Wave Response Analysis

By initiating the “Wave Response” module of SACS the wave response analysis is performed.

The member hydrodynamic loads and member inertia loads due to the structural

acceleration are computed simultaneously at every wave step position by using the model

analysis method. A total of 3 modes computed from free vibration analysis has been used

for obtaining the member inertial loads.

Cd and Cm are adopted from API (2005) are specified below:

For fouled members Cp=0.8and Cy;=2.00

For clean members Cp=0.5and Cy;=2.00

4-9 |



Study of Fatigue Design On MCT Support Structure, Bali-Indonesia | 2011

To account for anodes and other non-modelled members, the increase in drag and inertia
coefficdent must be assessed, generally taken as 5% or as specified in the design criteria (AP,

2005).

4.7.6 Fatigue Analysis

After obtaining the member end nominal stress, the fatigue analysis module of SACS is

activated to carry out Joint fatigue analysis.

The following are the important data considered for Fatigue Analysis.

e S-N curves of DNV curve D, F, F3 (DnV, 2005) and API-X Prime Curve (API, 2005) for
Estimation of Joint Fatigue Lives.

e Joint SCF has been computed by using formula as suggested by Efthymiou and is
load path dependent. Joint SCF obtained by using this option are observed to be on
conservative side.

e The Design Fatigue Life of jointis set to 20 years as a standard life design taken from
offshore wind turbine (Burton et al, 2001).

e Life safety factoris set to 4.0 (see section 3.3.5).
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5 ANALYSIS RESULT

5.1 Introduction
The minimum fatigue life of 80 years (20 years service life with factor of safety 4.0) is
required as design basis in this thesis. Hence, this chapter will outline the analysis result of

fatigue design of Marine Current Turbine support structure accordingly.

The fatigue design on monopile support structure is described in section 5.2 followed by
gravity based support structure at section 5.3. Finally, the tripod type support structure is

discussed in section 5.4.

5.2 Mono-pile Structure

The service life of monopile MCT support structure has been analyzed using three different
detail connections based on DNV Curve F, F3 and D with constant wall thickness of 25mm.
Figure 5-1 shows that the DNV curve D has the longest service life compare to curve F and
F3. It also expresses that DNV curve D offers service life above required of 80 years (black
thick horizontal line) in range of 4s and 8s of natural period (T,) . Therefore, this type of
details can be used at any point in that range. For DNV curve F and F3, natural period has to
be selected carefully in order to fulfil the required service life of 80 years. Based on the
analysis, natural period of 5.3s and 4.7s are the maximum recommended limit for DNV curve
F and F3 respectively in order to fulfil required service life. Table 5-1 tabulates in detail the
relationship between service life, natural period and monopile properties using a constant
wall thickness at 40m water depth. For monopile configuration unless note otherwise, D,
t, and f, represent the pile diameter, pile wall thickness and natural frequency of the support

structure.

Service Life [yrs]

——DNV Curve F

—=—DNV Curve F3 \

DNV Curve D \\\
2 A\
Min Service Life of 80 yrs M

1 v
0 T T T T 1

0 2 4 6 8 10
Natural Period [s]

Log (Service Life,10)
w

Figure 5-1 : Service Life of Monopile with Constant ¢, of 25mm at 40m Water Depth
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Table 5-1 : Service Life of Monopile with Constant t,, of 25mm at 40m Water Depth

Service Life
No b . b DNV curve F | DNV curve F3 | DNV curve D
[cm] [s] [Hz] [yrs]

1 40.00 4.386 0.228 4201 400 76395
2 38.75 4.592 0.218 1787 173 32563
3 37.50 4.817 0.208 651 67 11857
4 36.25 5.063 0.198 208 25 3728
5 35.00 5.332 0.188 69 10 1157
6 32.50 5.956 0.168 29 5 415
7 30.00 6.723 0.149 54 9 734
8 27.50 7.683 0.130 47 9 353

It is interesting to find out the effect of reduced wall thickness instead of diameter since it
gives more benefidal such as total mass and strength properties. The red lines in Figure 5-2
represent the effect of wall thickness reduction at constant diameter of 400mm and it shows
that wall thickness is sensitive to fatigue failure. For the same natural period, constant
diameter has less service life compared to constant wall thickness at all curves of DNV. The
DNV curve D now has limitation up to 5.5s of natural period (assumed linear relation). For
curve F and F3, natural period reduces to 5s and 4.6s respectively. The reduction of service
life is caused by reduction of cross section area of the monopile. When the cross section
area is reduced, the welding area becomes smaller and narrower therefore the connection
strength and service life are reduced. Table 5-2 tabulates in detail the relationship between
service life, natural period and monopile properties using constant diameter at 40m water

depth. Pile wall thickness is represented by t,, t at centimetres unit.

SerVice Life [yrs] ——e— DNV Curve F constant

Diameter

5 - ——— DNV Curve F constant
wall thickness

- -— DNV Curve F3 constant
Diameter

-m--— DNV Curve F3 constant
wall thickness

4---- DNV Curve D constant

Log (Service Life,10)
w
1

2 - Diameter
A---- DNV Curve D constant
wall thickness
17 Min Service Life of 80
yrs
0 T T T 1

4 4.5 5 5.5 6
Natural Period [s]

Figure 5-2 : Comparison Service Life Using Constant D and t,, at 40m Water Depth
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Table 5-2 : Service Life of Monopile with Constant D of 400mm at 40m Water Depth

Service Life
No o & b DNVcurve F | DNVcurve F3 | DNVcurve D
[cm] [s] [Hz] [yrs]

1 2.50 4.386 0.228 4201 400 76395

2 2.25 4563 0.219 1806 175 32893

3 2.00 4.777 0.209 377 41 6819

4 1.75 5.040 0.198 74 10 1241

5 1.50 5.372 0.186 14 3 178

Figure 5-3 shows the MCT support structure service life at 40m, 30m and 20m water depth
analyzed by DNV curve F. It is seen that the service life is also sensitive to water depth. The
maximum recommended natural period to fulfil the required service life of 80 years are 5.3s,
4.9s and 4.4s for water depth of 40m, 30m and 20m respectively. The shallower depth
requires stiffer structure or smaller natural period in order to fulfil the minimum service life
of 80 years. Table 5-3 and Table 5-4 tabulate in detail the relationship between service life,

natural period and monopile properties at 20m and 30m water depth.

6 - —+—40m Water Depth
Service Life [yrs]

5 1 DNV Curve F —=—30m Water Depth

4 - 20m Water Depth

Min Service Life

Log (Service Life,10)
w

of 80 yrs
2 \. v
1 -
0 T T T T T 1
3 3.5 4 4.5 5 5.5 6
Natural Period [s]
Figure 5-3 : Comparison Service Life at Three Different Water Depth
Table 5-3 : Service Life of Monopile at 20m Water Depth
Service Life
D tW TTL ﬁl
No DNV curve F | DNV curve F3 | DNV curve D
[cm] [cm] [s] [Hz] [yrs]
1 25 2.5 3.382 0.296 2406 232 43960
2 25 2.0 3.658 0.273 634 63 11580
3 25 1.5 4.086 0.245 75 10 1287
4 20 2.5 4.867 0.205 18 3 242
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Table 5-4 : Service Life of Monopile at 30m Water Depth

Service Life
D tW Tn f;l
No DNV curve F | DNV curve F3 | DNV curve D
[em] [em] [s] [Hz] lyrs]

1 325 2.5 3.924 0.255 3817 365 69377

2 325 2.0 4.265 0.234 553 57 10044

3 30 2.5 4437 0.225 548 57 9960

4 27.5 2.5 5.080 0.197 38 6 598

5.3 Gravity Base Structure
The trend of service life of gravity base structure (GBS) has the similarity with monopile
structure. However, the range of natural period of GBS is shifted to the left of the graph or

shifted to a stiffer structure.

10 + . .
o Service Life [yrs]
8 .
g 7
9 —o—DNV Curve F
5 61
8 5 -
s —=—DNV Curve F3
g 4
&
o 34 DNV Curve D
2
1 A Min Service Life of 80 yrs
0 T T T T T 1
0 1 2 3 4 5 6
Natural Period [s]

Figure 5-4 : Service Life of GBS at 40m Water Depth

Figure 5-4 shows the range of natural period (between 1.6s-4.8s) as function of GBS service
life at 40m water depth. Similar to previous section, the DNV curve D has the highest service
life followed by curve F and F3. Each curve has relatively linear relation between natural
period and its service life (log function). As shown in the figure, all the connection details
have the service life above the required service life of 80 years. Therefore, at this depth and
particular natural period range, the most economical GBS support structure can be found at
various alternatives. The most preferable would be at 4.8s of natural period which gives less
properties and less mass required to survive from fatigue failure. Hereafter, Table 5-5
tabulatesin detail the relationship between service life, natural period and GBS properties at

40m water depth.
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Table 5-5 : Service Life of GBS at 40m Water Depth

Service Life
D tW TTI. ﬁ'l
No DNV curve F | DNV curve F3 DNV curve D
cm] | [cm] [s] [Hz] [yrs]

1 40 2.5 1.628 0.614 144520000 13443000 2692900000
2 30 2.0 2.752 0.363 4085249 380686 76952000
3 30 1.0 3.675 0.272 134041 12585 2484004
4 25 1.0 4.841 0.207 2771 263 50613

As the water depth reduces, the structure has to be stiffer to reach the required minimum

service life of 80 years as shown in Figure 5-5 and Table 5-6. It can be seen that at natural

period of 4.56s, the DNV curve F3 has service life less than required and down to 17 years of

service life, on the other hand at water depth of 40m, the service life at 4.84s has 263 years.

Thus, selection of natural period has to be made for fatigue design at this detail connection.

However, for DNV curve F and D, both curves are still above the required service life time

and can be used for design.
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Figure 5-5 : Service Life of GBS at 30m Water Depth
Table 5-6 : Service Life of GBS at 30m Water Depth
Service Life
No D t, Tn ]‘;1
DNV curve F DNV curve F3 DNV curve D
[cm] | [cm] [s] [Hz] [yrs]
1 30 2.5 1.737 0.576 39178000 3644929 723090000
2 30 2 1.888 0.530 13334000 1240936 245240000
3 25 1 3.331 0.300 67742 6461 1255747
4 25 0.5 4.560 0.219 139 17 2447

5-5




Study of Fatigue Design On MCT Support Structure, Bali-Indonesia

2011

Figure 5-6 and Table 5-7 show the detail connection service life as function of natural period

at 20m water depth which has similar characteristic with previous discussion.
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Figure 5-6 : Service Life of GBS at 20m Water Depth
Table 5-7 : Service Life of GBS at 20m Water Depth
Service Life
No b tw T A
DNV curve F | DNV curve F3 | DNV curve D
[cm] [cm] [s] [Hz] [yrs]
1 20 2.5 2.044 0.489 2651550 246906 48697000
2 20 2.0 2.197 0.455 1106505 103084 20399000
3 15 2.0 3.543 0.282 32792 3066 600452
4 15 1.0 4516 0.221 235 27 4248

5.4 Tripod Structure

Tripod structure is a complex structure with a complex response. The response structure of

tripod depends on site condition, structure arrangement and properties. This sophisticated

structure has made tripod structure unpredictable, thus requires a unique design and very

site specific. However, the proven design at reference location can be used as preliminary

design at other location and modified as per actual environment condition.

T104

T106

T105

Figure 5-7 : Tripod structure 3D view and Top view
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Figure 5-8 shows the service life of each joint of tripod structure at 40 m water depth. Joint
T104, T105 and T106 have a similar geometry and properties thus the loadings are
distributed evenly with relatively the same behaviour. On the other hand, joint T103
receives loadings from T104, T105 and T106 which makes this joint exposed three times

more than others. As result, the service life of T103 joint is less than others.

7 —_
. 1103 \ Service Life [yrs]
©5 - ——-T104
-
£ 4
sS4 -
) T105
R
>
53
E T106
2 -
—
e
1 Min Service Life of 80 yrs
0 T T T 1
3.000 3.500 4.000 4.500 5.000
Natural Period [s]

Figure 5-8 : Service Life of Tripod at 40m Water Depth

Table 5-8 tabulates the service life of tripod at 40m water depth at natural period ranging
from 1.1s to 6.5s. As shown, the stiffer range up to 2.4s has infinite service life, meaning that
the structure is safe from fatigue failure but over design. For upper range, 4.1s above, the
service life is less than the required of 80 years, therefore, this range is failed due to fatigue.
At natural period of 3.8s, the tripod has service life above the required thus this point is
fatigue resistant with relatively efficient compare to other configurations. D and
T,, represent diameter and wall thickness of pile while d and t,, are for diameter and wall

thickness for pipe members T103-T104, T103-T105 and T103-T106.

Table 5-8 : Service Life of Tripod at 40m Water Depth

No D T, d £ T, £ Service Life (AP1-AXP)
T103 | T104 | T105 | T106
[cm] | [em] [ [cm] [ [cm] [s] [Hz] [yrs]

1 40 2.5 25 1.5 | 1.173 | 0.852 | INFINITE | INFINITE | INFINITE | INFINITE
2 25 1.5 20 1.0 | 2.419 | 0.413 | INFINITE | INFINITE | INFINITE | INFINITE
3 25 0.8 16 0.5 | 3.801 | 0.263 2568 1818264 | 2477354 | 3755557
4 25 0.5 16 0.5 | 4.186 | 0.239 40 7603 4678 2945

5 20 1.0 10 0.5 | 6.534 | 0.153 14 301 365 1424
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6 ECONOMICS AND OPTIMIZATION

6.1 Introduction

This chapter covers the possible economics and optimization that can be applied in the
fatigue analysis of marine current turbine element. Two main concems of total costs are
coming from capital or initial or construction cost and cost during operating condition

including maintenance of MCT.

The overall financial analysis in MCT design starting from capital cost to maintenance and
operating cost are explained in section 6.2 followed by support structure selection at section
6.3 Optimization in fatigue design based on cathodic protection, weld improvement and

inspection strategy will be discussed in section 6.4, 6.5 and 6.6 respectively.

6.2 Financial Analysis

The economic aspect of energy development and exploration is basically comprised into four
main subjects which are capital cost, operation and maintenance (O&M) cost, fuel cost and
external cost. The economic aspect of renewable energy such as wind energy and hydro
energy is affected by capital and O&M costs. Since this technology is relatively new, the
capital cost for renewable energy is considered high. But, in the future, the cost is likely to
decrease as new technology developed, new markets opens up, and the total installed

capacity increases.

The main idea of MCT energy converter was to find a low cost alternative energy resource. A
successful finandal analysis is defined by financial indicators, such as Net Present Value
(NPV), Internal Rate of Return (IRR), Payback Period and Value Investment Ratio (VIR). The
IRR is most commonly used to measure the benefits of any finandal system. For example,
investment in fund has 5%, utility has 6%, oil and gas has 8% and wind energy (with: 2000
S/KW; load factor 35 % and power price 0.047 $/kWh) has 2.3% of IRR (Diepeveen, 2010).

High value of IRR is more attractive to the stakeholders. Based on SHELL research
(Diepeveen, 2010) on Offshore Wind Turbine (OWT), the enhancement of IRR could be
reached by decreasing construction costs, increasing power price, increasing capacity factor

and decreasing maintenance costs as describedin Figure 6-1.

At present, due to lack of data and none of the MCT’s are installed in field yet therefore

detail financial analysis of MCT cannot be estimated.
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Figure 6-1 : IRR Sensitivity of Offshore Wind Farm (Diepeveen, 2010)

6.3 Support Structure Selection

The analysis result from previous chapter shows that each MCT support structure has their
own advantage and limitation. Discussion on advantages and limitations are outlined in this

section.

6.3.1 Monopile Structure

Monopile type structures are appropriate for calm environment of shallow or intermediate
water level (up to 30m depth) with soft soil characteristics such as clay and sand. The single
pile with slender configuration makes monopile structures have relatively large natural
period to keep it economically profitable. This excessive natural period is prone to dynamic
responses and resonance. For Bali strait, per year chance of resonance is up to 9% if the
natural period is set at 4.5 second (see Figure 4-6). However, the effect of resonance can be
reduced by the hydrodynamic damping of the rotating turbine (Tempel, 2006). On the other
hand, monopile structures can be installed in soft soil characteristics by conventional pile
driving and boring technique. Another note for monopile structures are the effect of
excessive deflection at the top of structure and should be safe in service limit state (SLS)

point of view.

6.3.2 Gravity Base Structure

Gravity base structures are appropriate for intermediate (20m to 80m) water depth with

hard or rocky soil characteristics. The hardness of soil characteristics makes it impossible and
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not economical to bore or drive, thus the foundation of GBS is held in place by gravity and
often built in with tanks or cells which can be used to control the buoyancy of the finished
GBS. Soil or foundation preparation is also required at relatively large area before placing

GBS into its position.

For Bali strait which is covered by hard coral reef, GBS is suitable to be used. This stiff
structure has bigger strength resistance and has relatively small deflection at the top of
structure. In addition, GBS offers less material cost compare to monopile and tripod type
structures. However, the coral reef area that is converted into GBS foundation has to be

analyzed carefully in accordance with Environment Impact Assessment.

6.3.3 Tripod Structure

Tripod structures are appropriate for intermediate (20m to 80m) water depth with soft soil
characteristics. This structure is the extension of monopile structure with additional three
legs to accommodate stiffness and strength of the structure. In practice, tripod structures

have the strength of GBS in form of monopile structure.

For Bali strait which has soft soil at seabed combined with rocky soil at certain depth below;
tripod structures offer an economical option. The combination of sail friction and bearing tip
leads into a rigid foundation. Thus, the structure becomes stiffer and less affected by fatigue
failure. However, installation procedure has to be considered carefully since it requires pile

driving or boring in the vicinity of coral reef including EIA assessment.

6.4 Cathodic Protection

Steel structures submerged in water are susceptible to corrosion. The fatigue design of steel
structures submerged in water is assumed to be adequately protected by a cathodic
protection system. Four methods of cathodic protection can be applied in order to fulfil the
requirements, which are:

e Corrosion allowance, adding extra reserve wall thickness to compensate steel
consumption.

e Protective coating, spedal painting to prevent corrosion, applied in vicinity of
dynamically changing environment such as in the water surface area.

e Impressed current, active electrical current to prevent electrochemical process of
corrosion at submerged steel.

e Anodes, sacrificial material creating electrochemical process to prevent corrosion at
submerged steel.

In oil and gas industry, anodes and protective coating are the most commonly used cathodic

protection system for continuously submerged steel material and area at water surface
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elevation respectively. Numbers or anodes should be calculated accordingly due to the
needs of protection. Otherwise, overprotection by using excessive anodes can cause
hydrogen production which can lead to embrittlement and significantly reduce the fatigue
lives. Minimal production of hydrogen can be expected by using conventional aluminium
and zinc anodes for normal steel structures. If, for instance, magnesium anode or higher
strength steel (yield stress over 400 MPa) is used, the threat from hydrogen embrittlement

might occur and therefore it should be examined.

6.5 Weld Improvement

Improvement in fatigue life is achieved by grinding weld technique. However this technique
should not be used during design phase because grinding is more expensive compare to
conventional welding. Redesign should be conducted if inadequate fatigue lives occur at
design phase. On the other hand, if fatigue problem occurs during construction or operating

condition and redesign option is not feasible, weld grinding may be used.

To be noted that ground weld improves the fatigue life due to increment of the initiation
time of a defect without improvement of propagation time and therefore the early warning

of crack development is less pronounced.

6.6 Inspection Strategy

Analytical prediction for structure fatigue performance provides valuable input for
inspection strategy, especially for submerged structures. The strategy is not only based on
fatigue criteria but also other things such as weather and current speed. However, for new
structure design, a comfortable margin in calculation design fatigue lives provides a cost
effective investment compared to marginal design which requires more extensive fatigue

inspection.

For existing structures with low analytical fatigue lives, the inspection interval may be
updated based on a good in-service fatigue performance. An assessment of fatigue crack
growth behaviour for welded connection shows that the time for a defect to grow to a size
that reliably detected by practical underwater inspection technique is less than half of the
time for through thickness crack development. This means that an early warning of crack
growth is introduced as the remaining life is at least equal to the initiation period up to time
of detectable size. If defect free is shown by a connection after given service period, the

remaining life will normally be at least equal to the service life to date. And if the updated
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service life is significantly over the analytical fatigue life, it means that the analysis has more

conservative value and therefore the inspection interval may be increased accordingly.
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7 CONCLUSION AND RECOMMENDATION

7.1 Conclusion

After conducting this study, the main condusions drawn are summarised in the following:

1.

Indonesia has many potential tidal energy resources. However, in this thesis, reference
site between Java and Bali islands is selected in order to support tourism in Bali Island
which requires more energy supply.

At the reference site, the frequency-based methodology with two independent
approach of fatigue loading (wave and current induce turbine) is able to simulate the
fatigue damage calculation.

The simulation of fatigue damage comprises three different support structures
(monopile, gravity based and tripod) at three different water depth (20, 30 and 40
meters). Those simulations are selectedin regards to find out the most effective support
structure based on production cost, construction and maintenance.

The lower wave height and shorter wave period derives the inertia component of wave
loading more important in fatigue analysis compare to extreme storm analysis.
Therefore, selection of inertia coefficients and equivalent volumes for members and in
particular for complex assemblies requires careful attention.

The fatigue damage analysis shows that DNV curve D has the longest service life
compare to curve F followed by curve F3. This curve selection is based on connection
details design at the MCT support structure.

At the same structure natural period, properties with smaller cross section area and
inertia have less service life. The cross section area and inertia of particular connection
represent the welding area, therefore, less cross section properties derive less fatigue
strength.

The service life is also sensitive to water depth. The shallower water depth requires
stiffer structure or smaller natural period in order to fulfil the minimum service life of 80
years.

The study of fatigue design on MCT support structure in Bali Strait shows that the
fatigue life design has many property alternativesin order to fulfil required service life of
80 years (20 years design life with factor of safety 4.0). For example, from 400mm pile
diameter x 20mm wall thickness of monopile structure using DNV curve F connection
detail at 40m water depth to 250mm pile diameter x 10mm wall thickness of gravity

base structure (GBS) using DNV curve F3 connection detail at 40m water depth.
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9. Contrary to the offshore wind turbine with natural period at soft-soft range, the
recommended natural period range for MCT is placed at soft-stiff range. This because of
the MCT support structure requires stiffer and more compact structure as they are
exposed to a more severe loading compare to OWT. The operating turbine exposed to
wave and current are the main cause of this difference. It provides larger catching area
hence alarger wave and currentloading occur at this stage.

10. Each type of MCT support structure has its own benefits. Based on experiences in the oil
and gas exploration industry, monopile support structure is appropriate for shallow
water with soft soil characteristic (clay and sand). GBS support structure is suitable for
intermediate water depth at rocky or hard soil characteristic. And tripod support
structure is recommended for intermediate water depth at soft soil characteristic (day
and sand). For Bali strait, GBS and tripod structure are suitable in regards of site soil
characteristics (hard soil and combination of soft-hard soil).

11. The methodology has been tested for three different type of support structure. It shows
that this methodology can be used as general guidance for fatigue design of MCT
support structure.

12. Although the fatigue design for Bali strait has service life above the required life time,
however for detailed design, a complete and comprehensive environment data (wave,
current and soil) is required to conduct a proper fatigue design assessment.

13. Fatigue design is a unique design for a particular location at particular environment data
(wave, current and soil). Therefore, It is only valid for particular location and cannot be

generalized.

7.2 Recommendation

The study of fatigue design on MCT support structure has enhanced the understanding of
fatigue damage assessment including its service life, especially at Bali strait. This study might
be the first study of fatigue assessment in MCT support structure and should be considered
an opening to a further renewable energy development. Recommendations for further

research therefore formulated here after.
Environment Data and Modelling

The environment modelling as representation of actual condition in reference site locationis
very critical and has to be as accurate as possible. Unlike the oil and gas exploration platform

which requires one compact platform, tidal energy extraction requires large area for marine
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current turbine farm. Therefore, efficdiency at each MCT will reduce production cost

significantly. The environment data comprises wave, current and soil characteristics.

The wave data for oil and gas industry can be used in MCT development because the seais
well presented by the long-term seastate. On the other hand, current data should be
improved and be analyzed more accurately as per wind data for offshore wind turbine
development. The current velocity data should be analyzed as per actual condition in the
field at each elevation of interest. The soil data should represent the spring characteristics of
the soil in order to model pile-soil interaction. This pile-soil interaction has been used in the
oil and gas industry as the most effective linearization modelling of foundation and

therefore it's applicable for MCT development.

Computer Model

Computer model is as important as environment data. Precise environment data
collaborates with accurate computer modelling derives effective and efficient design which
leads to economical result. The Structure Analysis Computer System (SASC) is able to
translate actual condition into compute model with relatively reliable accuracy. However,
there are some limitations in SACS such as: (1) the fatigue calculation is assumed to be
independent at each other due to SACS module availability, (2) the user has to be familiar
with SACS, (3) low frequency cut off in order to avoid excessive loading from constant wave
steepness approach, (4) the analysis procedural has to be followed and iterated in order to
get the accurate result, (5) This software is designed for offshore platform therefore

adjusted modelling is conducted.

Presently, there is no particular software dedicated for marine current turbine fatigue
design. Therefore, other similar computer program can be used to assess and simulate
fatigue damage of MCT. Comparing SACS to commercial software is also useful to check the
result and study if there is an anomaly or differences. Recommended softwares are STAAD

Pro, SESAM and softwares for offshore wind turbine.

Fatigue Damage Assessment

Based on offshore wind turbine technology, the fatigue damage analysis and calculation has
many varieties. Combination between time series and frequency based calculation are the
main method for fatigue damage calculation. The varieties of calculation appear in the

market are because of company preference, software development and the users. For detail
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design it is recommended to use time series approach or frequency based to extract the
actual condition for both wave and current loadings. For screening phase, frequency based s

preferred due to time effidiency.

Environment Impact Assessment (EIA) in Bali Strait

Bali is well known as island of god, rich with species especially underwater biota. This beauty
attracts local tourist as well as international tourist and becomes Indonesia’s top destination
with tremendous revenue per year. As we try to put a new technology in Bali water and
every new technology requires environment impact assessment. Therefore EIA for projects,
construction, transportation, installation, operation and maintenance should be assessed.
For MCT projects, the effect of tidal energy extraction could give negative effect to the
environment and unfortunately, at present, this type of impact is rarely investigated
especially in South East Asia region. Hence, EIA study in Bali strait should be conducted at

the very first time.

Indonesia

One of Indonesia’s major problems is lack of reliable long-term data. There are more sites
that are applicable for MCT development but many of those have no data or not reliable to
be used. Lack of site measurement is the main problem. However, this problem could be
solved with intensive site measurement starting with potential site such as Capalulu Strait,

Berau Bay and Malacca Strait.
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A.1 ENVIRONMENT DATA

A.1.1 Summary of Metocean Parameters Kangean Block Area

Location Pagerungan Station
Water Depth (m) 70
Return Period 1 100
Metocean Parameter Symbol Unit
Wind speed
60-minute mean Weo m/s 10.7 19.8
1-minute mean W, m/s 133 24.6
3-second gust Woue m/s 16.1 29.9
Wave Height
Significant wave height Hg m 3.4 6.2
Significant wave period Ts 5 6.9 8.9
Significant wave length Lg m 73.8 124.8
Max. individual wave height Hmax m 6.1 12
Max. individual wave period g - 5 8.9 11.6
Max. individual wave length Linax m 124.8 211.0
Water Level
Highest water level (above MSL) m [ olos
Lowest water level (below MSL) m 0|98
Storm surge {above MSL) N m 0.02 0.09
Current Speed
Wind- and tide-induced
0% of depth Vi m/s 0.55 0.94
10% of depth Vio m/s 0.53 0.81
20% of depth Vao m/s 0.52 0.79
30% of depth Vo mfs 0,50 0.76
40% of depth Vao m/s 0.48 0.72
50% of depth Vso m/s 0.46 0.69
60% of depth Vo m/s 0 44 0.65
70% of depth Vo m/s 0.41 0.61
80% of depth Vao m/s 0.38 0.56
90% of depth Vo m/s 0.35 0.51
100% of depth Vioo m/s 0.32 0.46

Used for Fatigue Analysis
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A.1.2 Percentage of Wave Occurrences on Pagerungan Station (NCEP
Data)
L(v)=1+—w? for v < 0.6

Information for significant wave height (Hs) is obtained from wave hindcasting
based on selected wind data. Calculation of individual wave height is performed
in the denomination of month.

Monthly spectral parameters needed for the calculation is obtained from monthly
significant wave height (Hs) which Is then used in Pierson-Moskowitz (PM)
spectrum.

Direction Wave Height (m) _ Total

(to) 0.1-0.5 [ 0.5-1.0 | 1.0-1.5 | 1.5-2.0 | 2.0-25]| >2.5] (%)
North | 0.48 0.92 248 018 0.79 0.100  4.90
North East 056 049 099 003 0.1 o001 219
East 052 131 463 105 3.42 238 13.32
South East | 0.67 1.83 7.64 2.59 5.43 3.18 21.34
South 052 099 229 023 041 003 4.46
South West 0.5 0.63 153 0.1 0.10 0.00  2.93
West | 0.0 1.68] 578 1.41 3.37 0.85 13.78
North west | 0.51]  1.83] 1032  2.19 1157 2.60 29.02
Calm 8.06
Total 452 9.69 3564 7.79 25.16  9.14 100.00
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A.1.3 Distribution of Individual Wave Height and Period for Fatigue

Analysis at Pagerungan Station
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A.2 COMPUTER MODELPLOT

A.2.1 Isometric View

V

Turbine Point

Fatigue Calculation Point

Clamped Foundation Point

b4 )

MONOPILE SUPPORT STRUCTURE
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VA

Turbine Point

Fatigue Calculation Point

Clamped Foundation Point

GRAVITY BASE SUPPORT STRUCTURE
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VA

Turbine Point

Fatigue Calculation Point

Clamped Foundation Point

TRIPOD SUPPORT STRUCTURE
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A.2.2 Node Number

T101
v

T102

iY F101
= fut

MONOPILE SUPPORT STRUCTURE
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T1O0L1
w

T103

Tl0&

Pl03

TRIPOD SUPPORT STRUCTURE
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A.2.3 Group Member

THT

THT

MONOPILE SUPPORT STRUCTURE
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THT

THT

GRAVITY BASE SUPPORT STRUCTURE
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LE1
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TRIPOD SUPPORT STRUCTURE
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A.2.4 SACS Input

A.2.4.1 Monopile

LDOPT

NF+Zz  1.025 7.85 -20.00 20.00GLOBMN CmMB

Marine Current Turbine - Spectral Fatigue Analysis

ook X b 3k b 3F o o X b 3k X o b X b % X b 3k o X % o X ok ok X ok % X ok X

MARINE CURRENT TURBINE

. Platform information :

- Location : Pagerungan - Indonesia
- Function : Marine Current Turbine (Monopile)
- Water depth 120 m

Model description :
General :
- All input data are taken from :
1.LAPI ITB, 2005,
Final report of Metocean Design Criteria
for General Kangean Block Area
2_AP1 RP2A WSD 2000 21th Edition

Basic Load case description :
LC DESCRIPTION:

ook X b X ok X % b X % ok X ok % X b X X %

1 SELF-WEIGHT INC. BUOYANCY
2 SELF-WEIGHT NO BUOYANCY
3 TOPSIDE LOAD
*
Loading : *
- Assummed 20% contingency will be added on *
load case 3 >
*
Seastate : *
- Consider wave kinematic factor 1.0 for fatigue analysis *
- CD/CM increase of 5% due to Anode (APl RP 2A - WSD) *
Fouled : CD = 1.05 * 0.80 =0.840 , CM = 1.05 * 2.00 = 2.10 *
Clean : CD =1.05* 0.50=0.525, CM =1.05* 2.00 =2.10 *
- Marine Growth thickness of 5cm from seabed to LAT *
*
*
Prepared by: TA *
*
*::__:::::::::::::::::: == :::::::::::::::::::_:::*
*
OPTIONS MN SbUC 5 2 DC APT PTPTPTPTPTPTPTPT
*
LCSEL ST MASS
*
UCPART 0.00 0.50 0.50 1.00 1.001.+04
GRUP
*
GRUP LE1 20.000 2.500 20.00 8.0034.50 1 1.001.00 0.50F 7.850
MEMBER
*
MEMBER T101T102 LE1 2.002.00
MEMBER T102P101 LE1
JOINT
*
JOINT P101 0. 0. -21. -50.000 111111
JOINT T101 0. 0. -10. 222000
JOINT T102 0. 0. -20.
CDM
CbM 0.10 0.525 2.100 0.840 2.100
CDM  300.00 0.525 2.100 0.840 2.100
MGROV
MGROV 0.000 200.000 5.000 1.233
LOAD
*
*o—————————————————————=—==——= | O ADI NG S ======== =%
*
LOADCN 1

2-10 | Appendices



Study of Fatigue Design On MCT Support Structure, Bali-Indonesia | 2011
LOADLB 1 SELF-WEIGHT INC. BUOYANCY
DEAD
DEAD -Z 20.000 1.025M
*
LOADCN 2
LOADLB 2 SELF-WEIGHT NO BUOYANCY
DEAD
DEAD -Z -20.000 0.001M
*
LOADCN 3
LOADLB 3 TOPSIDE LOAD
LOAD Z T101T102 -98.100 GLOB CONC TOPMASS
*
* LOAD COMBINATIONS === *
*
LCOMB
LCOMB  DW 11.000 20.0500 3 1.200
LCOMB MASS 20.0500 3 1.200
END
A.2.4.2 GBS
LDOPT NF+Z 1.025 7.85 -20.00 20 .00GLOBMN CMB
Marine Current Turbine - Spectral Fatigue Analysis
MARINE CURRENT TURBINE
A. Platform information :
- Location : Pagerungan - Indonesia
- Function : Marine Current Turbine (GBS)

- Water depth 220 m

B. Model description :
General :
- All input data are taken from :
1.LAPI ITB, 2005,
Final report of Metocean Design Criteria
for General Kangean Block Area
2.AP1 RP2A WSD 2000 21th Edition

Basic Load case description :
LC DESCRIPTION:

1 SELF-WEIGHT INC. BUOYANCY
2 SELF-WEIGHT NO BUOYANCY
3 TOPSIDE LOAD

Loading :

- Assummed 20% contingency will be added on
load case 3

ook b ok X b 3k b X b ok X o X b 3k X o X X b X o o X % ok X ok % X ok X X

ook X R R X ok % X o X b X ok ok X ok % X Ok

ok % ok o X o ok b X X % b X%

Seastate :

- Consider wave kinematic factor 1.0 for fatigue analysis

- CD/CM increase of 5% due to Anode (API RP 2A - WSD)

Fouled : CD = 1.05 * 0.80 =0.840 , CM =1.05 * 2.00 = 2.10
Clean : CD =1.05* 0.50=0.525, CM =1.05* 2.00 = 2.10
- Marine Growth thickness of 5cm from seabed to LAT
Prepared by: TA

Fom—o———o——oo————o——— o= ——————————————————————————==%
*
OPTIONS MN SDUC 52 DC APT PTPTPTPTPTPTPTPT
*
LCSEL ST MASS
*
UCPART 0.00 0.50 0.50 1.00 1.001.+04
GRUP
*
GRUP LE1 20.000 2.500 20.00 8.0034.50 1 1.001.00 0.50F 7.850
MEMBER
*
MEMBER T101T102 LE1 2.002.00
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MEMBER T102P101 LE1

JOINT

*

JOINT P101 0. 0. -16. -50.000 111111

JOINT T101 0. 0. -10. 222000

JOINT T102 0. 0. -15.

CDM

CDM 0.10 0.525 2.100 0.840 2.100

CDM  300.00 0.525 2.100 0.840 2.100

MGROV

MGROV 0.000 200.000 5.000 1.233

LOAD

*

*, LOADI NG S ======——==—====c=—————o—————————————%
*

LOADCN 1

LOADLB 1 SELF-WEIGHT INC. BUOYANCY

DEAD

DEAD -Z 20.000 1.025M

*

LOADCN 2

LOADLB 2 SELF-WEIGHT NO BUOYANCY

DEAD

DEAD -Z -20.000 0.001M

*

LOADCN 3

LOADLB 3 TOPSIDE LOAD

LOAD Z T101T102 -98.100 GLOB CONC TOPMASS
*

* LOAD COMBINATIONS === *
*

LCOMB

LCOMB Dw 1 1.000 20.0500 3 1.200

LCOMB MASS 20.0500 3 1.200

END

A.2.4.3 Tripod

LDOPT NF+Z 1.025 7.85 -40.00 40 _.00GLOBMN CMB

Marine Current Turbine - Spectral Fatigue Analysis

ook ok ok b X b ok X b 3k X b X o b 3k % b X o ok X b 3k X o % X ok X X ok X

MARINE CURRENT TURBINE

A. Platform information :

- Location : Pagerungan - Indonesia
- Function : Marine Current Turbine (Tripod)
- Water depth 120 m

B. Model description :
General :
- All input data are taken from :
1.LAPI ITB, 2005,
Final report of Metocean Design Criteria
for General Kangean Block Area
2_AP1 RP2A WSD 2000 21th Edition

Basic Load case description :
LC DESCRIPTION:

1 SELF-WEIGHT INC. BUOYANCY
2 SELF-WEIGHT NO BUOYANCY
3 TOPSIDE LOAD

Loading :

- Assummed 20% contingency will be added on
load case 3

Seastate :

- Consider wave kinematic factor 1.0 for fatigue analysis

- CD/CM increase of 5% due to Anode (APlI RP 2A - WSD)
Fouled : CD = 1.05 * 0.80 =0.840 , CM = 1.05 * 2.00
Clean : CD=1.05* 050 =0.525, CM =1.05 * 2.00

- Marine Growth thickness of 5cm from seabed to LAT

NN

ok % o R X o ok X b % X ok X X ok % X ok X X%

B
oo

ok % b F X % ok % X X %
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Prepared by: TA

* % % ok %

OPTIONS MN
*

LCSEL ST

*

UCPART
GRUP
*

0.00

GRUP LE1
GRUP LE2
*

MEMBER
MEMBER1P102T105
MEMBER OFFSETS
MEMBER1P103T106
MEMBER OFFSETS
MEMBER T101T103
MEMBER T103T102
MEMBER1P101T104
MEMBER OFFSETS
MEMBER T104T103
MEMBER T104T105
MEMBER T105T103
MEMBER T105T106
MEMBER T106T103
MEMBER T106T104
JOINT

*

JOINT
JOINT
JOINT
JOINT
JOINT
JOINT
JOINT
JOINT
JOINT
CDM
CDM
CDM
MGROV
MGROV
LOAD
*

P101
P102
P103
T101
T102
T103
T104
T105
T106

b ——

PRPWOOOR PFPW

0.10 0.525
300.00 0.525

0.000 200.000

SbuC 5 2

MASS

0.50 0.50 1.00 1.

40.000 2.500 20.
25.000 1.500 20.

LE1
LE1

LE1
LE1
LE1

LE2
LE2
LE2
LE2
LE2
LE2

-31.
-31.
-31.
-20.
-28.
-27.
-30.
-30.
-30.

NNOOOONNO

2.100
2.100

5.000

*

LOADCN
LOADLB
DEAD
DEAD
*

1

-Z

LOADCN
LOADLB
DEAD
DEAD
*

2

-Z

LOADCN
LOADLB
LOAD Z T101T103
*

3

1 SELF-WEIGHT

20.000

-20.000

3 TOPSIDE LOAD

-98.100

*==

*

LCOMB

LCOMB  DwW 11.000 20.0500
LCOMB MASS 20.0500 3 1.200
END

DC APT PTPTPTPTPTPTPTPT

001.+04

00 8.0034.
00 8.0034.

5
5

0
0

1.001.00

1
1 1.001.00

2.002.00
2.002.00

-50.000 111111

50.000-59.808-50.000 111111
50.000 59.808-50.000 111111

50.000-59.808
50.000 59.808

0.840
0.840

INC. BUOYANCY

LOADINGS

1.025M

2 SELF-WEIGHT NO BUOYANCY

0.001M

3 1.200

LOAD COMBINATIONS ===

222000

2.100
2.100

1.233

0.50F 7.850
0.50F 7.850

50.00

50.00

50.00

GLOB CONC

TOPMASS

*
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A.2.4.4 Dynamic Input

OYONG DYNAMIC ANALYSIS FOR MODE SHAPES AND NATURAL PERIOD

DYNOPT +ZMN 3CONS 7.85 1.0 SA-Z
END

A.2.4.5 Wave Response

LDOPT IN NF+Z  1.025 7.85 -20.0 20.00GLOBMN DYN FLD MPT NP
*

FILE S

*

LOAD

LOADCN 1

WAVE

WAVE1.OOAIRY 6.900 16.00 0.00 D 20.00 18MS10 1
LOADCN 2

WAVE

WAVEL.O0OAIRY 6.900 15.75 0.00 D 20.00 18MS10 1
LOADCN 3

WAVE

WAVEL. OOAIRY 6.900 15.50 0.00 D 20.00 18MS10 1
LOADCN 4

WAVE

WAVEL.O0OAIRY 6.900 15.25 0.00 D 20.00 18MS10 1
LOADCN 5

WAVE

WAVEL.O0OAIRY 6.900 15.00 0.00 D 20.00 18MS10 1
LOADCN 6

WAVE

WAVEL.O0OAIRY 6.900 14.75 0.00 D 20.00 18MS10 1
LOADCN 7

WAVE

WAVEL.O0OAIRY 6.900 14.50 0.00 D 20.00 18MS10 1
LOADCN 8

WAVE

WAVEL. O0AIRY 6.900 14.25 0.00 D 20.00 18MS10 1
LOADCN 9

WAVE

WAVEL.O00AIRY 6.900 14.00 0.00 D 20.00 18MS10 1
LOADCN 10

WAVE

WAVEL.OOAIRY 6.900 13.75 0.00 D 20.00 18MS10 1
LOADCN 11

WAVE

WAVEL.O0OAIRY 6.900 13.50 0.00 D 20.00 18MS10 1
LOADCN 12

WAVE

WAVE1.OOAIRY 6.900 13.25 0.00 D 20.00 18MS10 1
LOADCN 13

WAVE

WAVEL.O0OAIRY 6.900 13.00 0.00 D 20.00 18MS10 1
LOADCN 14

WAVE

WAVEL. OOAIRY 6.900 12.75 0.00 D 20.00 18MS10 1
LOADCN 15

WAVE

WAVEL.O0OAIRY 6.900 12.50 0.00 D 20.00 18MS10 1
LOADCN 16

WAVE

WAVEL.O0OAIRY 6.900 12.25 0.00 D 20.00 18MS10 1
LOADCN 17

WAVE

WAVEL.OOAIRY 6.900 12.00 0.00 D 20.00 18MS10 1
LOADCN 18

WAVE

WAVEL.O00AIRY 6.900 11.75 0.00 D 20.00 18MS10 1
LOADCN 19

WAVE

WAVEL.O0OAIRY 6.900 11.50 0.00 D 20.00 18MS10 1
LOADCN 20

WAVE

WAVEL.O0OAIRY 6.900 11.25 0.00 D 20.00 18MS10 1
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LOADCN 21
WAVE

WAVEL. OOAIRY
LOADCN 22
WAVE

WAVEL. O0AIRY
LOADCN 23
WAVE

WAVEL. OOAIRY
LOADCN 24
WAVE

WAVEL. O0AIRY
LOADCN 25
WAVE

WAVEL. OOAIRY
LOADCN 26
WAVE

WAVEL. O0AIRY
LOADCN 27
WAVE

WAVEL. OOAIRY
LOADCN 28
WAVE

WAVEL. OOAIRY
LOADCN 29
WAVE

WAVEL. OOAIRY
LOADCN 30
WAVE

WAVEL. OOAIRY
LOADCN 31
WAVE

WAVEL. O0AIRY
LOADCN 32
WAVE

WAVEL. OOAIRY
LOADCN 33
WAVE

WAVEL. O0AIRY
LOADCN 34
WAVE

WAVEL. OOAIRY
LOADCN 35
WAVE

WAVEL. O0AIRY
LOADCN 36
WAVE

WAVEL. OOAIRY
LOADCN 37
WAVE

WAVEL. OOAIRY
LOADCN 38
WAVE

WAVEL. OOAIRY
LOADCN 39
WAVE

WAVEL. O0AIRY
LOADCN 40
WAVE

WAVEL. OOAIRY
LOADCN 41
WAVE

WAVEL. OOAIRY
LOADCN 42
WAVE

WAVEL. OOAIRY
LOADCN 43
WAVE

WAVEL. OOAIRY
LOADCN 44
WAVE

WAVEL. O0AIRY
LOADCN 45
WAVE

WAVEL. OOAIRY
LOADCN 46

-900

-900

-900

-900

-900

-900

.900

-900

-838

473

-118

774

-439

.115

-800

-495

.201

.916

.641

.376

.122

.877

.642

417

.203

11.

10.

10.

10.

10.

10.

00

75

75

50

25

00

.75

.50

.25

.00

.75

-50

.25

-00

.75

-50

.25

-00

.75

-50

.25

-00

.75

.50

.25

0.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

20.00

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10
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WAVE

WAVE1.OOAIRY 1.998 5.00 0.00
LOADCN 47

WAVE

WAVEL1.OOAIRY 1.924 4.91 0.00
LOADCN 48

WAVE

WAVEL.O0OAIRY 1.909 4.89 0.00
LOADCN 49

WAVE

WAVE1.OOAIRY 1.893 4.87 0.00
LOADCN 50

WAVE

WAVEL.OOAIRY 1.877 4.85 0.00
LOADCN 51

WAVE

WAVE1.OOAIRY 1.862 4.83 0.00
LOADCN 52

WAVE

WAVE1.OOAIRY 1.803 4.75 0.00
LOADCN 53

WAVE

WAVE1.OOAIRY 1.618 4.50 0.00
LOADCN 54

WAVE

WAVEL.OOAIRY 1.443 4.25 0.00
LOADCN 55

WAVE

WAVEL.O0OAIRY 1.279 4.00 0.00
LOADCN 56

WAVE

WAVEL1.OOAIRY 1.124 3.75 0.00
LOADCN 57

WAVE

WAVEL.O00AIRY 0.979 3.50 0.00
LOADCN 58

WAVE

WAVEL1.OOAIRY 0.844 3.25 0.00
LOADCN 59

WAVE

WAVEL1.O00AIRY 0.719 3.00 0.00
LOADCN 60

WAVE

WAVE1.OOAIRY 0.604 2.75 0.00
LOADCN 61

WAVE

WAVEL.OOAIRY 0.499 2.50 0.00
END

A.2.4.6 Spectral Fatigue Curve F3

TITLE Marine Current Turbine - Spectral Fatigue Analysis

FTOPTGB 80. 1.0 1. SMCF3 SK MNSK
FTOPT2 PTPT VC PV
* scf = 1.453 * 1.61 = 2.339 --————- curve F3

SCFLM2 .3392.339

*DNV curve F3

SN-USR CF3 3.2 0.2525.532 1E4 5.501
REL IEF

SEAS

A.2.4.7 Spectral Fatigue Curve F

FTOPT B 80. 1.0 1. SMCVF SK MNSK
FTOPT2 PTPT VC PV
* 1.453*1.27 = 1.845 -- Curve F

SCFLM1 .8451.845

*DNV curve F

SN-USR CVF 3.2 0.2532.365 1E4 6.973
REL IEF

SEAS

1E6 2.189

1E6 2.775

20.

20.
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00

00

00

00

00
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18MS10

18MS10
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18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

18MS10

TI121.75

1E8 1.381

1E8 1.751

LPEFT

1E9

K LPEFT
TI121.75

1E9
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A.2.4.8 Spectral Fatigue Curve D

TITLE Marine Current Turbine - Spectral Fatigue Analysis

FTOPTGB 80. 1.0 1. SMCVD SK MNSK K LPEFT
FTOPT2 PT VC PV AP 2. -3. 10.5DN2 -42.7 46.25TI121.75
SCFLM 1.453

EFTOPT MAX

*DNV curve D

SN-USR CVD 3.2 0.2040.557 1E4 8.738 1E6 3.477 1E8 2.194 1E9
REL IEF

SEAS

A.2.4.9 Spectral Fatigue Curve AXP

TITLE Marine Current Turbine - Spectral Fatigue Analysis

FTOPTGB 80. 1.0 1. SMAXP SK MNSK K LPEFT
FTOPT2 PTPTVC PV TI121.75

SCFLM 2.0

EFTOPT MAX

REL IEF

SEAS
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A.3 OUTPUT LISTING

A.3.1 Transfer Function

A.3.1.1 Monopile
MARINE CURRENT TUREINE - SFECTRAL FATIGUE AMALYSIS OIRECTION @, a8
WAYE STEEPMESS @, BE1
AIRY
A, @ E. @ 1@, @ 15.8 28, 8
2.8

BASE SHEARE ~ WAYE HEIGHT <EM/M?

@, a E.@ l@. @ 1.8 Z8. 8

FERIOD CSECS2
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A.3.1.2 GBS

MRIME CURREWNT TUREINE - SPECTRAL FATIGUE AMALYSIS

TION B, @8
STEEFNESS B, BE1L

BARSE SHEAR . MAYE HEIGHT cCEH. M)

FERIOD (SECS2

A.3.1.3 Tripod
MARINE CURRENT TUREIME - SFECTRAL FATIGUE AMALYSIS OIRECTION @, @@
WAVE STEEPHNESS @, BE]
AIRY
@, a E.@ 1@, 8 1.8 2@, 8

BARSE SHEAR ~ MAYE HEIGHT cCKHSM)

FERIOD (SECS2
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A.3.2 Wave Response

A.3.2.1 Monopile

TRANSFER FURMCTION - BASE SHEAR <KHSM 2

2, 5088
2. 8088

1,588

1.0@8868]

R=1n1=]0] 0]

WAVE DIR,

B, 88 DEG

18, Beg 15, Bag
FERIOD CSECS)
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A.3.2.2 GBS

TRANSFER FUNCTION — OVERTURNIMG MOMENT CHRM-MM 2

&, Eeee _

S.oeoeg

4. BEan

S, B8

2. 0880

[

. BEae

WAVE DIR,

8,88 DEG

10,688
FERIOD CSECS?Y

A.3.2.3 Tripod

TRAMSFER FURMCTION - BASE SHEAR CEHNSM 2

JSEeee

L4BEee|

] o] 5] .

= o] ) I

L logea|

WAYE DIR,

8,88 DEG

10,688
FERIOD CSECS)
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A.3.3 SACS Output

A.3.3.1 Monopile
* * * MEMBER FATIGUE REPORT * * =*
(JOINT ORDER)
ORIG INAL CHORD REQU IRED
JOINT MEMBER GRUP TYPE oD wT JNT MEM LEN. GAP * STRESS CONC. FACTORS * FATIGUE RESULTS oD WT

ID 1D @My (€M) TYP TYP (M) (CM) AX-CR AX-SD IN-PL OU-PL DAMAGE LOC SVC LIFE  (CM)  (CM)

P101 T102-P101 LE1 TUB 20.00 2.500 5.00 5.00 5.00 5.00 202.2530 TR .3955442

T101 T101-T102 LE1 TUB 20.00 2.500 5.00 5.00 5.00 5.00 .0000000 TR INFINITE

T102 T101-T102 LE1 TUB 20.00 2.500 1.85 1.85 1.85 1.85 4.456093 TR 17.95295
T102 T102-P101 LE1 TUB 20.00 2.500 1.85 1.85 1.85 1.85 4.456093 TR 17.95295

* * * MEMBER FATIGUE REPORT * * =
(JOINT ORDER)

ORIG INAL CHORD REQU IRED
JOINT MEMBER GRUP TYPE 0D WT  JINT MEM LEN. GAP * STRESS CONC. FACTORS * FATIGUE RESULTS oD wT
ID 1D (CM) (CM) TYP TYP (M) (CM) AX-CR AX-SD IN-PL OU-PL  DAMAGE LOC SVC LIFE  (CM)  (CM)

P101 T102-P101 LE1 TUB 20.00 2.500 5.00 5.00 5.00 5.00 .0350267 B 2283.971

T101 T101-T102 LE1 TUB 20.00 2.500 5.00 5.00 5.00 5.00 .0000000 TR INFINITE
T102 T101-T102 LE1 TUB 20.00 2.500 1.85 1.85 1.85 1.85 .30171-4 B 2651550.
T102 T102-P101 LE1 TUB 20.00 2.500 1.85 1.85 1.8 1.85 .30171-4 B 2651550.

A.3.3.3 Tripod

* * * MEMBER FATIGUE REPORT * * =
(JOINT ORDER)

ORIG INAL CHORD REQU IRED
JOINT MEMBER GRUP TYPE 0D WT  JINT MEM LEN. GAP * STRESS CONC. FACTORS * FATIGUE RESULTS oD wT
ID 1D @My (€M) TYP TYP (M) (CM) AX-CR AX-SD IN-PL OU-PL DAMAGE LOC SVC LIFE  (CM)  (CM)

P101 P101-T104 LE1 TUB 40.00 2.500 5.00 5.00 5.00 5.00 .0000000 TR INFINITE

P102 P102-T105 LE1 TUB 40.00 2.500 5.00 5.00 5.00 5.00 -0000000 TR INFINITE

P103 P103-T106 LE1 TuB 40.00 2.500 5.00 5.00 5.00 5.00 -0000000 TR INFINITE

T101 T101-T103 LE1 TUB 40.00 2.500 5.00 5.00 5.00 5.00 -0000000 TR INFINITE

T102 T103-T102 LE1 TUB 40.00 2.500 5.00 5.00 5.00 5.00 -0000000 TR INFINITE

T103 T104-T103 LE2 TUB 25.00 1.500 Y BRC 8.00 4.28 3.05 2.49 2.09 .0000000 T INFINITE
T103 T103-T102 LE1 TUB 40.00 2.500 Y CHD 8.00 5.33 4.72 2.00 2.49 .0000000 T INFINITE
T103 T105-T103 LE2 TUB 25.00 1.500 Y BRC  8.00 4.28 3.05 2.49 2.09 .0000000 T INFINITE
T103 T103-T102 LE1 TUB 40.00 2.500 Y CHD  8.00 5.33 4.72 2.00 2.49 .0000000 T INFINITE
T103 T106-T103 LE2 TUB 25.00 1.500 Y BRC  8.00 4.28 3.05 2.49 2.09 .0000000 T INFINITE
T103 T103-T102 LE1 TUB 40.00 2.500 Y CHD  8.00 5.33 4.72 2.00 2.49 -0000000 T INFINITE
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* * * MEMBER FATIGUE REPORT * * =
(JOINT ORDER)

ORIG INAL CHORD REQU IRED
JOINT MEMBER GRUP TYPE 0D WT  JNT MEM LEN. GAP * STRESS CONC. FACTORS * FATIGUE RESULTS op wT
ID 1D @My (€M) TYP TYP (M) (CM) AX-CR AX-SD IN-PL OU-PL DAMAGE LOC SVC LIFE  (CM)  (CM)

T104 T104-T103 LE2 TUB 25.00 1.500 Y BRC 2.00 2.70 2.67 2.49 2.09 .0000000 T INFINITE
T104 P101-T104 LE1 TUB 40.00 2.500 Y CHD 2.00 2.55 2.97 2.00 2.48 .0000000 T INFINITE
T104 T104-T105 LE2 TUB 25.00 1.500 T BRC 2.00 2.70 4.67 2.17 3.63 .0000000 T INFINITE
T104 P101-T104 LE1 TUB 40.00 2.500 T CHD 2.00 2.60 4.91 2.00 4.32 .0000000 T INFINITE
T104 T106-T104 LE2 TUB 25.00 1.500 T BRC 2.00 2.70 4.67 2.17 3.63 .0000000 T INFINITE
T104 P101-T104 LE1 TUB 40.00 2.500 T CHD 2.00 2.60 4.91 2.00 4.32 .0000000 T INFINITE

T105 T104-T105 LE2 TUB 25.00 1.500 T BRC 2.00 2.70 4.67 2.17 3.63 .0000000 T INFINITE
T105 P102-T105 LE1 TUB 40.00 2.500 T CHD 2.00 2.60 4.91 2.00 4.32 .0000000 T INFINITE
T105 T105-T103 LE2 TUB 25.00 1.500 Y BRC 2.00 2.70 2.67 2.49 2.09 -0000000 T INFINITE
T105 P102-T105 LE1 TUB 40.00 2.500 Y CHD 2.00 2.55 2.97 2.00 2.48 .0000000 T INFINITE
T105 T105-T106 LE2 TUB 25.00 1.500 T BRC 2.00 2.70 4.67 2.17 3.63 .0000000 T INFINITE
T105 P102-T105 LE1 TUB 40.00 2.500 T CHD 2.00 2.60 4.91 2.00 4.32 .0000000 T INFINITE

T106 T105-T106 LE2 TUB 25.00 1.500 T BRC 2.00 2.70 4.67 2.17 3.63 -0000000 T INFINITE
T106 P103-T106 LE1 TUB 40.00 2.500 T CHD 2.00 2.60 4.91 2.00 4.32 -0000000 T INFINITE
T106 T106-T103 LE2 TUB 25.00 1.500 Y BRC 2.00 2.70 2.67 2.49 2.09 .0000000 T INFINITE
T106 P103-T106 LE1 TUB 40.00 2.500 Y CHD 2.00 2.55 2.97 2.00 2.48 .0000000 T INFINITE
T106 T106-T104 LE2 TUB 25.00 1.500 T BRC 2.00 2.70 4.67 2.17 3.63 -0000000 T INFINITE
T106 P103-T106 LE1 TUB 40.00 2.500 T CHD 2.00 2.60 4.91 2.00 4.32 -0000000 T INFINITE
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